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CHAIRMAN’S PREFATORY REMARKS 
By FrANctIs O. ScuMittr 
MASSACHUSETTS INSTITUTE OF TECHNOLOGY 


It has long been supposed that one of the fundamental characteristics of living 
systems is that of specific structural organization. The degree of complexity of this 
organization depends upon the level of organismic function being studied. Life was 
considered to reside in the interactions between certain giant molecular complexes 
within the protoplasm of individual cells, between cells in the tissues, between com- 
ponents of the various tissues and, eventually, between organisms themselves. 
Many Latin and Greek terms have been coined to connote these basic biological 
units which were postulated by exponents of each major biological discipline. 

With the great advances which have recently been made in the investigation of 
the fine structure of protoplasmic constituents by X-ray diffraction and electron 
microscope studies and in the physical and chemical characterization of the giant 
molecules or macromolecules of proteins, nucleic acids, polysaccharides, etc., it has 
become possible to redefine the basic problem of biomolecular organization and to 
glimpse, however imperfectly, the portentuous possibilities now opening up before 
us. 


789 





790 CHAIRMAN’S PREFATORY REMARKS Proc. N. A. S. 


The specificity of structure and of chemical and biological properties inheres in 
the organized units, each at their particular level of structural complexity. By 
interaction of these units there are built up or compounded still higher levels of 
organized structure. The way in which each entity in the organizational hierarchy 
will react depends not only upon its built-in specificity of structural and chemical 
properties but also very importantly upon the chemical environment in which it 
finds itself. Thus the maintenance of the constancy of the internal environment of 
the cell is a requisite for the proper interaction of the protoplasmic constituents. 
Change in chemical environment produces immediate readjustment, in time and 
space, of the structural organization and the tissue functions; the muscle contracts, 
the nerve conducts, and the cell divides. 

It is for biologists to discover the various organized macromolecular entities and 
systems; to isolate or prepare them in a manner which makes possible their in- 
vestigation by the more precise methods of physics and chemistry; and to col- 
laborate freely with biophysicists and biochemists who may find in such investiga- 
tions full scope for their best analytical efforts. 

These being the early days in the development of this field, we must perforce give 
major attention to the relatively simpler systems, such as purified preparations of 
protein and nucleic acid macromolecules. However, as this symposium will sug- 
gest, it is very probable that the interaction fields which govern the behavior of the 
simpler systems, such as macromolecules, also characterize the more complex sys- 
tems, including populations of cells and perhaps even of organisms. 

Taking part in this symposium are experts who can deal with a wide range of 
organizational complexity. Beginning with solutions of purified natural and arti- 
ficial macromolecules, Dr. Paul Doty will summarize information which has been 
obtained by application of physical-chemical analysis, chiefly in his own laboratory. 
He will be concerned chiefly with poly-L-glutamate, nucleic acid, and collagen, repre- 
senting molecules composed of one, two, and three stranded helices, respectively. 

Dr. Cecil E. Hall will then show how these macromolecules look when viewed at 
the highest resolution of the electron microscope. His newly developed method 


makes possible such direct visualization of macromolecules and leaves no doubt 
about the reality of the entities deduced by the indirect methods of X-ray crystal- 


lography and physical chemistry. 

In my contribution, attention will be directed to the interaction properties of 
several macromolecular systems of great biological significance, including collagen, 
fibrin, myosin, and paramyosin. Using the lessons learned from these simpler 
systems, I will consider the more complex system of chromosomes and genes and will 
describe recent experiments on this subject. 

Dr. Robley Williams will continue the discussion of the relation of biomolecular 
organization to life-processes at the level of the viruses. At this level of organiza- 
tional complexity there emerges a distinctive property not found in systems so far 
discussed: the property of intruding upon the activity of the living cell in such a 
manner as to change profoundly, and sometimes permanently, its characteristics and 
to cause it to produce precise copies of the invading substance. To bring about such 
profound changes in synthetic patterns, there must be an interaction between some 
of the organized material within the virus and the organizational centers within the 
cell. The study of virus structure and intracellular functions is thus of importance 


in understanding life-processes. 
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Finally, Dr. Paul Weiss will describe experiments on the building-up in the or- 
ganism of higher-order fabrics from their macromolecular components and on the 
formation of tissues from their component cells. He will be concerned with the 


aggregation of the very complex units, the cells; but the underlying principles are 
probably similar in kind to those of simpler systems. 


In this symposium we shall be dealing very intimately with basic matters relating 
to life-processes. As a guard against unwarranted extrapolations and conclusions, 
Dr. Weiss will emphasize the fact. that all the structural units (from macromolecules 
to cells) are themselves derived from living organisms. Thus no one has “synthesized 
life’; rather, we have described some of the rules of the process by which the 
specificity of structural and chemical properties of the parts of the cell makes possi- 
ble the complex interactions of the protoplasmic constituents in space and time to 
produce the properties of living organisms as we study them in the laboratory. 


THE PROPERTIES OF BIOLOGICAL MACROMOLECULES IN SOLUTION 
By Paut Dory 
DEPARTMENT OF CHEMISTRY, HARVARD UNIVERSITY 


Macromolecules of different kinds fulfil three vital roles in living systems. They 
provide the structural framework and the basis of mechanical action, as illustrated 
by cellulose, collagen, and myosin. As globular proteins, they provide for the 
specific transport of small molecules and are the site of biological activity as dis- 
played in enzymes and antibodies. As nucleic acids, they serve to make possible 
the replication of the living organism. 

The most striking common feature of these biological macromolecules, as well as 
of the great number of macromolecular substances produced synthetically, is that 
they are composed of long chains of similar atomic groupings connected by covalent 
bonds. In each example the main portion of the molecular chain consists of re- 
peating units, but diversity is attained by the variety of groups linked to the repeat- 
ing units in the main chain and by occasional branches and points of cross-linkage. 
This is the extent of the gross anatomical features found in most macromolecules. 

lor purposes of later comparison, it is useful to note first that synthetic polymers 
made of relatively simple repeating units usually exhibit solid-state properties that 
can be readily related to the molecular properties of the repeating unit. Thus rubber- 
like elasticity, a state unique to polymeric substances, is the result of low cohesion 
between repeating units. This absence of strong attractive interactions permits the 
molecular chains to undergo continuous Brownian motion. Left undisturbed, the 
molecular chains endlessly explore an immense number of equally probable con- 
figurations, each of which can be described as a random coil. An extension of the 
rubbery material imposes a similar extension on the constituent molecular chains, 
bringing them thereby into rather improbable configurations. The retraction that 
follows the removal of the stress is simply a display of the rapid return of the molecu- 
lar chains to their more probable configurations, which in turn corresponds to the 
dimensions of the original undisturbed state. 

When the repeating units of molecular chains interact more strongly, for example 
as the result of polar groups, Brownian motion may still occur but is confined to re- 
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stricted portions of the chains. As a result, the response to stress may be a very 
slow extension, and we refer to the behavior as ‘viscoelastic.”’ Alternatively, 
Brownian motion may cease altogether, due to the freezing-out of rotational move- 
ments in the main chain. In this case the properties resemble the glassy state. 
The chain configurations are still those of random coils, but they have become 
rigidly fixed. 

A high degree of symmetry in the chain structure makes possible crystallization, 
and this additional feature gives rise to a further set of solid-state properties which, 
following orientation, are usually described as “‘fibers.’’ The crystalline regions in 
polymers are generally much smaller than the lengths of the molecular chains, and as 
a consequence they are firmly attached to an amorphous matrix. This arrangement 
makes possible the orientation of the crystallites under stress into a parallel arrange- 
ment which is characteristic of a fiber. This particular arrangement of the chain 
molecules is most efficient with respect to strength in the longitudinal direction, 
while some lateral flexibility is also maintained. 

These three types of solid-state behavior can be found in living systems and in 
each case traced to macromolecular components. However, beyond providing for 
some of the structural requirements of the living organism in much the same manner 
that chemical technology provides rubbers, plastics, and fibers for analogous needs of 
the living community, biological macromolecules are required to perform the much 
subtler functions mentioned at the beginning. For this purpose the three types of 
molecular arrangement of chain molecules noted above are quite inadequate: a new 
organizational principle is required. Within the past few years it has become in- 
creasingly clear that this higher level in the hierarchy of macromolecular organiza- 
tion is essentially intramolecular crystallization. That is, the feature that really de- 
lineates the key macromolecular substances of living systems from simpler syn- 


thetic and natural polymers is their existence in the form of one, two, or three 
molecular strands held together by hydrogen bonds in a unique configuration whose 
periodicity is sufficiently evident to justify its description as intramolecular crystal- 


lization. 

Within the last five years, X-ray diffraction studies have revealed the detailed 
structure of three important classes of biological macromolecules corresponding to 
one, two, and three stranded structures whose periodicity is displayed in the helical 
configurations of the individual molecular strands. These three classes are (1) 
many proteins and polypeptides in which the a-helical configuration! is present, (2) 
desoxyribose nucleic acid, which is composed of two polynucleotide strands hydro- 
gen-bonded together in a helical configuration,? and (3) collagen, which very recent 
studies have shown to exist as a three-stranded helix with two sets of hydrogen 
bonds.* These three structures are shown in Figures 1-3. 

Although these uniquely ordered macromolecular structures are themselves a part 
of much larger crystalline regions in the solid state, the possibility exists of dissolving 
the solid in a manner that would leave the intramolecular organization of the macro- 
molecules intact. If this can be done, these very special helical configurations 
could be examined in solution. In particular, one could look for the conditions 
under which the highly ordered configurations break down. Such a breakdown of 
structure should resemble a first-order transition, that is a melting, since it is 
actually a one-dimensional crystal. If one could proceed this far, a study of the 
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Fic. 1 (left).—The a-helix. The polypep- 
tide chain is held in a helical configuration by 
hydrogen bonds, shown as dashed lines, unit- 
ing each residue with another one, three re- 
moved. (Courtesy of Professors L. Pauling 


and J. T. Edsall.) 


Fig. 2 (above).—-The Watson-Crick model 
for deoxyribose nucleic acid (see n. 2). Double 
hydrogen bonds unite opposite base pairs 
perpendicular to the helix axis. 
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reversibility of the process, that is, the re-formation of the helical structure, would 


be of interest. 


kind. 


The remainder of this communication summarizes studies of this 


As an illustration of the behavior of the single-stranded a-helix in solution, we 
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Fig. 3.—A diagrammatic view of the Rich- 
Crick model for collagen (see n. 3). The 
small circles represent gycine. The large 
circles, denoting proline and hydroxyproline, 
can also be fitted with other residues. The 
dashed line in helical form represents one of 
the sets of hydrogen bonds. (Courtesy of 
Dr. A. Rich.) 


consider first some recent work on syn- 
thetic polypeptides, since the helical 
configuration in these cases is found to 
be fully developed instead of incom- 
plete, as in proteins.‘ Poly-t-glutamic 
acid is a polymer composed of only one 
of the twenty naturally occurring amino 
acid residues, and it is water-soluble 
except in strong acid. In neutral and 
alkaline solutions we found it to have 
the configuration of a random coil, as 
judged by its intrinsic viscosity and 
This is not unex- 
pected, since under these conditions 


optical rotation.® 


the glutamic acid groups carry nega- 
tive charges whose repulsion would be 
greatly diminished in the random-coil 
form in comparison with the helical 
configuration. When these groups are 
gradually discharged by lowering the 
pH, it is found (Fig. 4) that the viscos- 
ity and rotation rise rather suddenly in 
the region where the charge has been 
reduced to about half. This is clearly 
indicative of the formation of the heli- 
cal configuration: its formation is com- 
plete when the charge (degree of ioni- 
zation) is reduced below 30 per cent. 
Raising the pH causes the immediate 
reversal of this behavior. Likewise, 
raising the temperature brings about a 
conversion from the helix to the ran- 
domly coiled forms: this is clearly anal- 
ogous to protein denaturation. We 
therefore see displayed in this pure 
polypeptide the reversible breakdown 
and re-formation of a uniquely ordered 
macromolecular configuration. It is 


important to note that in the presence of water the structure has a marginal stability 

which can be increased or decreased by changes taking place in the side groups. 
These observations would not be particularly relevant if the a-helix were not an 

important constituent of protein structure and if helix-coil transitions did not occur 


there. However, such is not the case. 


X-ray diffraction studies of a number of 
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proteins in the solid state have given clear evidence of the existence of this con- 
figuration. More recently, we have been able to show, principally by means of 
rotatory dispersion studies, that the helical configuration is present in many pro- 
teins in solution in amounts which vary between about 10 and 50 per cent (Yang 
and Doty‘). This work identified the widely studied process of protein denatura- 
tion as the melting-out of these helical regions and demonstrated that the helix-coil 
transitions observed in synthetic polypeptides and proteins are equivalent. Another 
result of this work was the finding that not only could the helical component of the 
protein configuration be broken down by typical denaturation procedures but it 
could also be substantially increased. This further development of the helical con- 
figuration in solution was brought about by replacing the water in part or totally by 
an organic solvent having less hydrogen-bonding potential and by removing 


PERCENT 
(inj IONIZATION 


——_———_—>+ _ aoe 


— —— 
+10-4 arr. - \ONIZATION 
-0.6 =i” cial : 
o4 w 4 


POLY-L-GLUTAMIC ACID 
IN DIOXANE -0.2M NaCl 
(1:2 by volume) at 25°C 











los —71 


——()- 
L 
8 


. 
pH 


Fic. 4.--The dependence of specific rotation, intrinsic rotation, and the degree of ionization for 
poly-L-glutamice acid in 0.2 M NaCl-dioxane (2:1) (seen. 5). The a-helical configuration exists at 
low pH and is reversibly converted into the randomly coiled form when the pH is raised. 


through oxidation the cystine cross-links which in some cases stood in the way of 
fuller helix development. In this way, for example, the B-chain of insulin was 
brought completely into the helical form. Thus it appears that the helically con- 
figured regions of globular protein molecules in aqueous solution are in a state of 
balance from which they can either increase or decrease in response to environ- 
mental changes. These alterations can be small or large and in many cases are re- 
versible. It seems most unlikely that many of the unique properties of protein 
molecules would be unrelated to this unusual configurational arrangement. How- 
ever, the problem of relating composition of the polypeptide chain to configuration 
and these in turn to function is only now beginning to receive the exacting attention 
which its solution will require. 

We turn next to the double-stranded helical macromolecules of deoxyribose nu- 
cleic acid. Since the identification of their unique role in carrying genetic markers in 
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the phenomenon of bacterial transformation about a decade ago, it has been evi- 


dent that the structural features that are responsible for this activity are stable in 
the saline solution. At about the same time that the elegant structure shown in 
Figure 2 was proposed, other studies of deoxyribose nucleic acid in solution’ had 
shown that these molecules were much too highly extended in solution to be ran- 
domly coiled single polynucleotide chains. The observations were, however, com- 
patible with the Watson-Crick model (Fig. 2), provided that it had some flexibility 
or occasional points of interruption in the hydrogen-bonded bracing that would 
permit deviations from a completely rodlike structure. In solution, it was found 
that although the molecules were relatively rigid, they were sufficiently kinked to 
allow the average end-to-end distance to be only about one-fourth of the contour 
length. More recently, Professors Williams and Hall have actually observed 
threadlike structures of this general shape in the electron microscope, and they ob- 
serve directly a width of about 20 A, in conformity in the Watson-Crick structure. 

With these evidences that the basic structure (Fig. 2) is preserved in solution, we 
take up the problem of its possible breakdown and re-formation. Observations prior 
to the establishment of the Watson-Crick structure’ clearly indicated that extremes 
of pH and elevated temperatures brought about severe and irreversible changes in 
deoxyribose nucleic acid in solution. The studies which we have undertaken show 
that these changes are due to a helix-coil transition and that this transition can in 
some cases be stopped at a point from which a reversible return to the former 
ordered structure is possible. If, for example, the pH of a saline solution is gradually 
lowered, one finds that at about pH 3.2 the viscosity begins to fall sharply and 
eventually levels off at pH 2.6 at a value about 15 times lower than the original. 
If the temperature is low if the solution is quickly reneutralized, the original vis- 
cosity is recovered (Reichmann, Bunce, and Doty*). Since it was also shown that 
the molecular weight did not change during this process, it is evident that the 
changes were the result of drastic alterations of the intramolecular structure, the 
helix-coil transition induced by the co-operative breakdown of hydrogen bonds as a 
result of the constituent groups taking up protons. Presumably some of the hy- 
drogen bonds did remain intact and therefore kept the two chains in register so 
as to allow them to re-form. (Two types of noninterchangeable hydrogen bonds 
are present in the Watson-Crick structure, and therefore each bond must be re- 
formed with the identical base pairs.) If the exposure to pH 2.6 is prolonged, reversal 
is not possible, presumably because of the splitting-off of purine groups. These 
same observations can be made at highly alkaline pH, where it is found that the tran- 
sition takes place in the region of pH 11.8.° 

If the pH is held constant at neutrality and the temperature altered, the viscosity 
is found to remain constant until a narrow temperature range is reached, whereupon 
it falls rapidly to a lower value. The temperature range in which this occurs de- 
pends on ionic strength: at 0.16 M salt it is about 88°—98° C., as shown in Figure 5." 
Again there is no significant change in molecular weight as determined by light 
scattering, and hence it is concluded that here also one is observing the melting- 
out of the intra-molecular crystalline structure shown in Figure 2. There is some 
evidence that the melting range of 10° is that broad because variation of the relative 
proportions of the two types of hydrogen bonds leads to a range of melting 
temperatures. The thermally produced transition in deoxyribose nucleic acid can 
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be lowered by the addition of typical denaturing agents: for example, when 8 M 
urea is added to the above solution, the melting-out occurs about 17° lower, as 
shown. ‘The temperature at which the transition occurs can be lowered even more 
by lowering the ionic strength. Thus at 0.001 M it occurs in the range of 50°-66° 
C.'' This lowering is due to the weakening of the structure by the electrostatic re- 
pulsion originating in the negatively charged phosphate groups. Indeed, in the 
absence of added salt, dilute solutions of deoxyribose nucleic acid undergo spon- 
taneous denaturation. As expected, the biological activity of these molecules dis- 
appears when this secondary periodic structure is destroyed."! 
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Fic. 5.—The change of intrinsic viscosity of deoxyribose nucleic 
acid as a function of the temperature to which it is heated for 1 hour 
(see n. 10). The three lower curves show the effect of denaturing 
agents in lowering the denaturation temperature. The original 
intrinsic viscosity is 70 in units of 100 ce/gm. 














In addition to identifying the display of biological activity with the unique helical 
configuration, these studies serve two other purposes. By the establishing of com- 
plete control over the denaturation process, the possibility of selectively destroying 
parts of the structure responsible for the transformation of particular genetic markers 
becomes open to exploration. Second, with increasing evidence that the replication 
of deoxyribose nucleic acid is at the heart of the problem of cellular division, any 
information on the stability of the native structure and the conditions under which 
the strands separate will ultimately find use in supporting or rejecting specific 
mechanisms of replication. 
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As the third and final member of this exhibit of biological macromolecules which 
are uniquely ordered, periodic, intramolecular arrangements of molecular chains, 
we consider briefly the rapidly moving developments in our knowledge of collagen, 
the chief structural protein in the animal world. We see in the work of Professors 
Schmitt and Bear and their colleagues the marvelous patterns which collagen dis- 
plays in its natural fibrillar state with its long-range periodicity (approximately 700 
A), compelling a search for building units at the macromolecular level. That colla- 
gen fibrils could be dissolved and brought back again (reconstitution) to this 
readily recognizable fibrillar state indicates quite clearly that the native structure 
remained intact in solution. The investigation of the dissolved form of collagen has 
had its full share of pitfalls: it is only within the past year, making full use of the 
experiences of others,'* that its macromolecular form has been elucidated.!* The 
result has been that solutions of acid-extracted collagen have been shown to consist 
of rodlike macromolecules having a diameter of 14 A and a narrow distribution of 
lengths in the neighborhood of 3000 A. Macromolecules of this length are only a 
little longer than a new fibrillar unit discovered by Professor Schmitt and his 
collaborators, '* and, as Professor Hall reveals in his contribution to this symposium, 
these same molecules have just been observed by electron microscopy. 

During this past year the long, patient studies of the X-ray diffraction of collagen 
fibrils have yielded a structure which has for the first time found wide acceptance.’ 
This structure consists of three polypeptide strands wrapped in a helica! configura- 
tion and stabilized by lateral hydrogen bonds, as shown in Figure 3. The sequence 
of glycine-proline-hydroxyproline plays an essential role in this structure. The 
alternative disposition of the hydrogen bonds involving the hydroxyproline groups 
permits two nearly equivalent structures to exist, and a choice between these has 
not yet been possible. Of particular interest is the fact that the cross-section of this 
structure and the mass per unit length closely fit the observations that have been 
made on the isolated macromolecules in solution. Again we are in the favorable 
position of being able to bring into solution the highly organized structure whose 
atomic positions can be catalogued from the X-ray diffraction by the crystalline 
arrangement of the macromolecular units. These recent developments illustrated 
in a particularly clear way the coalescence of results from three different. physical 
approaches, with each making its own appropriate contribution. 

With this agreement on the basic unit in collagen and its structure, we ask again 
about its stability. In this case it is possible to pose the question for the solid state 
as well as in solution, because it is fairly apparent that the thermal shrinkage of 
collagen tissues which has been known for a long time is simply a manifestation of 
the thermally induced helix-coil transition. For example, a piece of calf hide when 
slowly heated in water will remain unchanged until a temperature of about 62° C. is 
reached, whereupon it will undergo severe dimensional contraction and a change in 


physical properties toward a somewhat rubbery state. This is irreversible and 
corresponds to a loss of the banded, fibrillar structure so characteristic of the elec- 


tron-microscopic appearance of collagen. 

The counterpart of this phenomenon in solution was also apparent.'? A more 
careful study showed that the high viscosity of collagen solutions irreversibly dis- 
appeared when the solution was heated above room temperature, as shown in Figure 
6.!8 An accompanying study of the molecular weight showed, in contrast to the 
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polypeptides and deoxyribose nucleic acids, that the original molecular weight of 
340,000 fell to about one-third this value as a result of the denaturation. This 
strongly suggested that the collagen molecule consisted of three parts and that upon 
dissociation these were broken apart, whereupon they took up the random-coil con- 
figuration typical of isolated molecular chains. The difference in the denaturation 
temperature in the solid state and in solution reflects the additional stability that 
the crystalline lattice of the fibril confers on the system. (All these structures are 
weaker when put into solution.) The thermal denaturation of collagen resembles 
that of the other two substances, poly-L-glutamic acid and deoxyribose nucleic acid; 
likewise, collagen is subject to denaturation by nonthermal means. For example, 
the addition of potassium thiocyanate to a collagen solution lowers the denaturation 
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temperature, and at a concentration of 2 molar it is lowered below the freezing point 
of water, so that only the denatured form exists in this solvent. 

As noted, the denatured form of collagen has not been brought back into the 
native form. Unlike deoxyribose nucleic acid, the breakdown of the hydrogen- 
bonded structure goes to completion with a separation of the chains. These are 
then unable to find their way back to the precise positions originally occupied. 
However, there is a partial return, as evidenced by the formation of aggregates, or 


at higher concentrations a gel, when the solution that has been thermally de- 
natured is cooled. The well-known properties of gelatin, which is analogous to de- 
natured collagen, arise from the tendency to re-form the collagen structure that can 
only be satisfied in localized regions, which then become network points in a gel. 
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With these three case histories of the behavior of biological macromolecules in 
solution now summarized, we return to the initial premise. Synthetic polymers and 
some naturally occurring polymers exhibit three types of physical properties, de- 
pendent upon whether the molecular chains are in rapid Brownian motion as in a 
rubber, in a randomly coiled but rigid state as in a plastic, or held in a single, ordered 


configuration in the crystalline state. The much more delicate and highly differen- 
tiated functions performed by proteins and deoxyribose nucleic acids appear to re- 
quire that their constituent molecular chains be arranged in a periodic fashion within 


the macromolecule itself. These patterns of intramolecular architecture stand re- 
vealed in three particular cases, and they are found to be the same in the solid, 
crystalline state and in solution. The periodic chain arrangement within the 
macromolecule in each case undergoes a sharp, first-order-like transition to a ran- 
domly coiled state when conditions are suitably altered. Although all these transi- 
tions are to some extent reversible, only in the single polypeptide chain is this com- 
pletely the case. The investigation of the manner in which the uniquely ordered 
structure can be created from the randomly coiled form in vitro and the manner in 
which this particular arrangement is conferred upon the macromolecular chains as 
they are synthesized in vivo is perhaps the next problem to which the study of 
macromolecular configurations can now contribute. 
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VISUALIZATION OF INDIVIDUAL MACROMOLECULES WITH 
THE ELECTRON MICROSCOPE* 


By Cecin E. HAuu 
DEPARTMENT OF BIOLOGY, MASSACHUSETTS INSTITUTE OF TECHNOLOGY, CAMBRIDGE, MASSACHUSETTS 


Electron microscopes are capable of clearly resolving small particles in the 10-20 
A range, which is well below the dimensions of a very large class of biologically im- 
portant molecules whose size and shape are currently studied through the use of in- 
direct physicochemical methods. For example, a spherical protein particle with a 
diameter of 20 A would have a molecular weight of about 3,500. The direct observa- 
tion of molecular dimensions in this range would be of great value as an adjunct to 
existing methods, but, except for a few isolated instances, the electron microscope 
has not proved generally useful for the observation of such macromolecules, because 
of a number of technical difficulties. Of these, the difficulty of obtaining sufficient 
contrast and the difficulty of distinguishing such small organic particles from the 
substrate on which they rest have been most serious. The shadow-casting process 
introduced by Williams and Wyckoff! has long been recognized as an ideal method 
for enhancing the visibility of organic particles, but serious technical difficulties 
have been encountered in attempts to exploit the method fully. These have in- 
cluded difficulties in finding a sufficiently smooth substrate, granularity of the 
shadowing metal, difficulties in stripping the metallized deposit from the substrate, 
and the presence of contaminating deposits. An extensive study of metals and the 
problems of stripping them from glass has been carried out by Williams and Backus,’ 
and later Williams* concluded that fine detail was obscured by a film of pump oil 
that coated all surfaces placed in conventional shadow-casting apparatus. No 
evidence for such an oil film has been noted in the course of the work to be de- 
scribed, but whether such a film occurs or not may well be a function of the proper- 
ties of the surface. Otherwise, the methods to be described are conventional in 
principle but represent refinements and improvements that appear largely to over- 
come the limitations of prior practice. 

As a substrate for supporting macromolecules, the surface of freshly cleaved mica 
was selected because it should be smooth to atomic dimensions and also because it is 
highly hydrophilic. Such surfaces remain hydrophilic after being in contact with the 


vapors in a conventional oil-pumped vacuum system. A shadowing metal should 
have sufficiently fine grain, be stable, and be easily stripped from the mica surface. 
Platinum has been found to be the most satisfactory so far, though some reduction 
in the ultimate grain size would be desirable. Materials to be examined are sus- 
pended in media containing volatile salts or buffers together with polystyrene 
spheres about 880 A in diameter (Dow Chemical Company, Midland, Michigan) 
and are sprayed onto the mica surface from a commercial throat nebulizer (Vapo- 


nefrin vaporizer). They are shadow-cast with platinum‘ usually at a shadow-to- 
height ratio of 5:1 and a caleulated thickness of about 5 A. A film of SiO 25-50 A 
thick is then deposited vertically to back the platinum, and finally a 0.5 per cent 
solution of collodion in amyl acetate is flowed over the surface and dried. The re- 
sulting film is scored into squares which float off as the mica is lowered into a trough 
of water, from which they are picked up over conventional grids. 

801 
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Some examples illustrating the capabilities of the method are shown in Figures | 
6. The first of these is DNA from calf thymus, shown in Figures 1-3. Figure | 
shows the typical threads observed, usually attached to polystyrene spheres, which 
provide a check on the shadow-to-height ratio as well as an aid to focusing. From a 
measurement of shadow lengths, the height of the thinnest threads above the sub- 
strate is estimated as 20 + 5 A, in agreement with the X-ray value for the DNA 
double helix.’ Segments of DNA molecules from another micrograph are shown 
at. a higher magnification in Figure 2. These were shadowed at a ratio of 5:1, and 
the length of the shadow between the two arrows drawn on the micrograph (in the 
direction of shadowing) is 100 A, as would be expected for a 20 A height. The DNA 
shown in Figure 3 at a higher magnification was shadow-cast at a ratio of 10:1, ard 
the distance between the tips of the arrows drawn in is 200 A, as would be expected 
fora 20 A height. 

As is evident in Figure 3, the granularity of the metal becomes worse as the 
shadowing ratio increases. Except as a check on results, provided by Figure 3, the 
5:1 shadow ratio is probably adequate for most purposes and provides pictures more 
pleasing to the eye. The apparent granularity may be due to several factors: 
(1) inherent granularity of the metal which becomes worse with increasing thickness 
and increasing shadowing ratio, (2) overlying layers of small particulate impurities, 
and (3) out-of-focus phase effects. All the micrographs were made as through-focus 
series, but all those shown are slightly underfocused, so that the granularity is 
somewhat exaggerated. The apparent structure along the DNA molecules seen 
in these micrographs for the most part probably does not represent real structure of 
the molecule. No evidence of the helical nature of the molecule has been detected, 
and none would be expected within the present limitations of the method. 

In some regions where the DNA is more concentrated, filaments usually several 
molecules wide form networks suggestive of a gel-like structure. Free ends of 
molecules are rarely observed, but when an end is not attached to a polystyrene 
sphere, it tends to bunch up to form a flat patch, as can be seen in the lower right- 
hand corner of Figure 1. These patches are always very thin in the direction normal 
to the surface, probably only one or two molecules thick. In some instances a 
molecule or a group of molecules may collapse as a patch whose area can be meas- 
ured to yield an estimate of the molecular weight. Such estimates range upwards 
of 5,000,000. 

Another example of a thread-like molecule is shown in Figure 4. This is from a 
preparation of synthetically polymerized adenosine monophosphate.’ The polymer 
shown in Figure 4 is at a somewhat higher magnification than that in Figure 1, but 
the two materials are very similar in diameter and general morphology. The 
molecule in Figure 4 is close to 20 A in diameter, but these preparations also con- 
tain a considerable fraction of relatively short threads and a quantity of threads 
which are definitely thinner by comparison than the DNA and are probably in the 
10-15 A range. 

In Figure 5 is shown a micrograph of purified bovine fibrinogen. Results on this 
material were highly variable. The particles tend to cluster, so that it is difficult to 
distinguish the individuals, and simple air-dried sprays tend to show a distribution 
of particle shapes and sizes down to single particles about 30-40 A in diameter. 
There was usually present an appreciable quantity of asymmetrical particles, as 
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Fic. 1.—DNA from calf thymus, deposited on a mica surface from an aqueous suspension. 
The admixed polystyrene spheres in this and the other figures have an average diameter of 880 A. 
X 105,000. 

Fria. 2.—Same material as for Fig. 1, but at a higher magnification. The distance between the 
tips of the arrows drawn in is 100 A, which is the length of the shadow for a height of 20 A at 
this shadowing angle of 5:i. 160,000. 

Fic. 3.—Same material as for Figs. | and 2, but shadowed at shadow-to-height ratio of 10:1. 
Arrows drawn in indicate a 200 A shadow, as would be expected from a height of 20 A. 190,000. 

Fic. 4.—Synthetically polymerized adenosine monophosphate. 125,000. 
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Fic. 5.—Purified bovine fibrinogen sprayed from an ammoniacal solution at pH 9.5. 130,000. 
Fic. 6.—Molecules of collagen (ichthyocoll) sprayed from an acetic acid solution. 100,000 


would be expected from previous physicochemical results, but the general impres- 
sion was obtained that there was considerable fragmentation, probably due to 
stresses imposed during drying. In an attempt to stabilize the protein, a 2 per cent 
formaldehyde solution containing larger polystyrene spheres was sprayed onto the 
mica simultaneously with the fibrinogen. Micrographs were made only of areas 
showing both types of spheres. Under these circumstances the morphology was 
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much more uniform, and fields were obtainable such as that from which Figure 5 
was taken, where a characteristic asymmetrical particle can be discerned. In 
Figure 5, as indicated by the arrows, this particle appears to consist of 3 nodules 
about 30-40 A in diameter on or connected by a thread of undetermined thickness 
which is very probably less than 20 A. The length of the molecule is about 400 A 
in the dry state, which may not be the same as the kinetic unit in solution. It is not 
possible at present to estimate the molecular weight except within rather wide 
limits, because of uncertainty regarding the diameter of the thread between the 
nodules. The nodules may contain significant substructure, but so far it has not 
been possible to distinguish it for certain from the grain of the metal. In some 
instances, as may be seen in Figure 5, two 3-nodule units may be found aligned end 
to end, but the great preponderance of the units of half this size would favor the 
latter as representing the fibrinogen molecule. 

It is interesting to note that the first observations of fibrinogen with the electron 


microscope showed the nodous structure of the fibrinogen molecule, though the 


molecules in the preparation were too aggregated for the individuals to be discerned 
satisfactorily.” More recently Siegel, Mernan, and Scheraga*® with better tech- 
niques also observed nodous asymmetrical particles, but the lengths varied over a 
wide range and the structure of the collodion substrate that they used introduced 
some ambiguities into the interpretation. 

As a final example, Figure 6 shows the thread-like molecules of collagen obtained 
from a highly purified acetic acid solution of ichthyocoll. The diameters of these 
molecules estimated from shadow lengths is about 15 A, and although this cannot 
be measured with high accuracy, the widths by comparison are definitely below 
those of DNA. Apparent lengths can be measured readily from such micrographs, 
and the results from a series of measurements are plotted in Figure 7. The number 
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Fic. 7..-Histogram showing the apparent lengths of ichthyocoll 
molecules, as measured from electron micrographs such as Fig. 6. 


average of 2200 A is close to three times the repeating period in native collagen and 
is close to the long period found by Schmitt, Gross, and Highberger for one type of 
reconstituted collagen which led them to predict the existence of an elementary 
collagen particle of about this length.” The estimated width is consistent with the 
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width given in the preceding paper of this symposium by Doty, from whom the 
sample for electron microscopy was obtained. The average length is smaller than 
that obtained from light-scattering data, but this method gives weight to the 
longer particles and the number average can be expected to be smaller. The dis- 
tribution of lengths may be regarded as a disturbing result; but if the constituent 
helices can slide over one another as Doty has suggested, single helices protruding 
as “‘tails’’ from the main body of the molecule would very probably be too small to 
be observed by the present technique. 

The examples presented above demonstrate that by this improved method a new 
class of biologically important molecules can be observed directly with the electron 


microscope. Some improvement would be desirable, particularly in the direction of 


reducing the ultimate graininess of the shadowing metal. Otherwise, the principal 
difficulties encountered at present ‘are those of obtaining the molecules suitably 
isolated from one another on the mica surface, undamaged by drying artifacts and 


free of contaminants. 


The samples of DNA and of collagen were kindly provided by Dr. Paul Doty, of 
Harvard University, the polymerized adenosine monophosphate by Dr. R. F. 
Beers, of M.I.T., and the sample of bovine fibrinogen by Dr. D. F. Waugh, of 
M.I.T. The author also wishes to acknowledge the technical assistance of Mr. 
A. Q. Dickson in a large part of this work. 

* This investigation was supported by a research grant C-2171 (C3&4) from the National 
Cancer Institute of the National Institutes of Health, Public Health Service. 
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PATTERNS OF INTERACTION OF BIOLOGICAL MACROMOLECULES 
IN RELATION TO CELL FUNCTION* 


By Francis O. ScuMirr 
DEPARTMENT OF BIOLOGY, MASSACHUSETTS INSTITUTE OF TECHNOLOGY, CAMBRIDGE, MASSACHUSETTS 


In the first paper in this symposium series, Dr. Paul Doty! discussed some of the 
newer knowledge concerning the physical and chemical properties of proteins, 
nucleic acids, and other biological macromolecules in solution. It is now known 
that, as in the case of the fibrous materials with which Dr. Doty dealt, the com- 
ponent macromolecules of many types of biologically important substances are very 
long (several thousand Angstrom units) and very thin (10-20 A). The individual 
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macromolecules may themselves be composed of one or more covalent strands 


which coil about each other in characteristic helical fashion. The stability and type 


of structure characterizing each macromolecule is determined very importantly by 
the manner in which the covalent chains interact with each other. When the thin, 
highly elongated macromolecules combine to form fibers, they do so in a highly 
specific fashion which is determined in part by the temperature and by factors such 
as the pH, ionic strength, and concentration of the macromolecules in the system in 
which fibrogenesis is occurring. 

In the case of proteins, when a substantial fraction of the amino acid constituents 
possess long side chains, the lateral interaction between macromolecules may give 
rise to regions of relative order and disorder, depending on the way in which the side 
chains can adjust themselves to the fairly closely packed fibrous configuration. 
These regions of relative order and disorder occur at very precise locations along 
the fiber and reflect the linear distribution of the side chains or amino acid types 
which is generally supposed to be very constant and specific for each protein. As 
a result of this type of specific interaction of side chains, the fibrils which are formed 
by macromolecular interaction may appear banded in the electron microscope, the 
bands and interbands being regions in which the interacting side chains pack in a 
relatively disordered or ordered fashion, respectively. The axial period and the 
intraperiod band pattern are characteristic both of the macromolecules and of the 
conditions under which the fibril formation occurs. 

In certain especially favorable cases, such as that of collagen, it is possible to pre- 
pare solutions of purified macromolecules and, by varying the composition of the 
solution, reversibly to pass from one band type to another, representing different 
modes of interaction of the macromolecules. From an analysis?~‘ of the fine struc- 
ture of the band patterns shown in electron micrographs of the collagen fibrils it has 
been possible to deduce that the native structure is probably theresult ofaggregation 
of the collagen macromolecules (‘‘tropocollagen’’) oriented all in the same direction 
(parallel array) but staggered with respect to macromolecular ends by specific frac- 
tions of macromolecular lengths. Under other conditions, particularly of high ionic 
strength, there may be no regularity of packing of the macromolecules laterally, 
hence no banding in the reconstituted fibrils or tactoids. Under still other condi- 
tions, particularly after the addition of small amounts of highly charged materials 
(such as acid glycoproteins, chondroitin sulfate, ete.), the macromolecules may array 
themselves in antiparallel array (with ends approximately in register), producing 
the so-called “fibrous long-spacing”’ pattern. Under still other conditions the 
macromolecules may aggregate in parallel array but with ends in register; this leads 
to the formation of the so-called “segment long spacing.”’ 

It has not yet been possible to determine which specific side chains are involved in 
the formation of the various bands and interbands seen in native and reconstituted 
collagen fibrils, although it may eventually prove possible to obtain information on 
this subject by the use of reagents which combine specifically with certain of the 
side chains. Some very preliminary evidence suggests that when ATP combines 
with tropocollagen to form segment long spacings, the combination occurs primarily 
with the terminal groups of the lysine residues. 

It seems highly probable that similar factors of macromolecular specificity and of 
environmental conditions are involved in the formation of other types of fibrils 
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which appear banded in the electron microscope. Among these are the para- 
myosin fibrils of molluscan adductor muscles, the fibrin fibrils formed from soluble 
fibrinogen molecules in the process of blood clotting and in the myofibrils of striated 
muscle. 

If the molecular machinery of cells, at least so far as the fibrous structures are 
concerned, is built of such elongated macromolecules having reactive side chains 
upon them, we may well expect that alterations of interaction patterns, induced by 


the presence of specific substances (such as ATP) or by change of the chemical en- 


vironment, may well cause the alterations characteristic of tissue function (such as 
muscle contraction, ciliary motion, cell division, and so on). 

Although it may be possible from electron optically resolvable band patterns to 
deduce something about the internal architecture and mode of interaction of the 
macromolecules which compose the fibrils, failure of any particular type of fibril 
to manifest a band pattern by no means signifies that such fibrils are not composed 
of long, thin macromolecules and that the latter may be in very specific array. If 
the type of fibril in question does not happen to possess side chains of such size and 
chemical] properties as to produce regions of relative disorder when they interact 
with neighboring macromolecules, no bands may be seen in the electron meroscope. 
Deoxyribose nucleic acid (DNA) and ribose nucleic acid (RNA) are examples of such 
fiber types. They show no axial repeating band structure, but there is every 
reason to believe that these macromolecules interact with each other and with 
other types of macromolecules in highly specific fashion, particularly in the case of 
chromosomes. In no cellular constituent is specificity of structure, orientation, and 
chemical properties more significant than in chromosomes. 

It has recently been suggested*: ° that application to the chromosome problem of 
the type of analysis, very briefly described above for the fibrous protein macro- 
molecules, may lead to new and profitable ideas of the nature of the gene. The 
argument runs briefly as follows. It is known that when chromosomes are ex- 
tracted under very mild conditions, the native DNA macromolecules may be ex- 
tracted, isolated, and characterized by physical-chemical methods, as Dr. Doty has 
described. Such isolated DNA macromolecules are very long (contour length of 
about 30,000 A) and thin (20 A). In the chromosome these DNA macromolecules 
(together with some RNA) interact with certain as yet poorly defined fibrous pro- 
tein macromolecules and with histones and protamines.® 7 The giant chromosomes 
of the salivary glands of Dipteran insects manifest characteristic band patterns 
when observed with the light microscope after appropriate staining or when ex- 
amined in ultraviolet light. This band pattern is aperiodic; there is no true repeat 
over the length of the entire chromosome (over 100 uw). The positions of various 
genes have been localized with respect to these microscopically visible bands in 
genetic (linkage) maps. ‘The bands and interbands, which have highly character- 
istic positions, densities, dimensions, and staining characteristics, represent regions 
of relatively high and low DNA-protein ratios, respectively. They must be ex- 
plicable in terms of specific backing of elongated DNA and protein macromolecules. 

The bonding between the chromosomal macromolecules must be relatively weak, 
since the constituents can be extracted by relatively mild treatment, such as eleva- 
tion of ionic strength and presence of substances known to break hydrogen bonds.* 
It may not be unreasonable, therefore, to suppose that the characteristic band pattern 
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of these giant chromosomes may have been formed by a highly specific interaction of 
a finite number of “species” of DNA and protein macromolecules. Here “species” 
is used to indicate types of macromolecules which may be so similar chemically as 
to be difficult to distinguish by the methods of physical chemistry but which never- 
theless have specific structural differences. Thus, by interaction of the various 
species of DNA and protein macromolecules in parallel and antiparallel array, 
with ends in register or staggered by specific amounts, as modulated by the presence 
of specific types of substances, it is possible that aperiodic patterns of even such 
enormous lengths might be produced. 

On such a theory, it is in the native macromolecules, representing the various 
species of DNA and of protein, that the chemical and biological specificity primarily 
resides; the types of band patterns which will be produced when these constituents 
interact will depend, in turn, upon the chemical nature of the environment at the 
time. Given the synthesis of the various species of macromolecules, their aggrega- 
tion in the fashion characteristic of the native chromosomes may occur spon- 
taneously if the chemical nature of the environment is appropriate. 

Still another deduction which follows from this hypothesis is that the type of in- 
teraction between adjacent macromolecules (DNA-DNA, DNA-protein, or protein- 
protein) may condition the type of gene activity possible under each particular cir- 
cumstance. Thus chemical groupings corresponding to genes may occur in juxta- 
position in two or more adjacent macromolecules which may be of the same or of 
different species of DNA or protein. With the same population of macromolecules 
or “inactiva- 


’ 


a wide variety of bicatalyzers or genes may be capable of “activation’ 
tion.” Slight changes in the chemical environment of the chromosomes may, on 


this hypothesis, cause a shift of macromolecular types with respect to each other, 


with consequent activation or inactivation of catalytic groups or genes without 
essential alteration of the constituent macromolecules themselves. It is attractive 
to suppose that changes in the chromosomal environment occurring during dif- 
ferentiation and morphogenesis may produce just such changed interaction of the 
macromolecules, providing the feedback type of mechanism which must somehow be 
involved in the highly regulatory processes of growth and development. 

To attempt to put some of these speculations to experimental test, Dr. Herman W. 
Lewis and the author have made a preliminary study® of the reaction properties of 
the giant chromosomes of Drosophila when exposed to certain changes in the chemi- 
cal environment. These experiments will be described in more detail elsewhere, 
but the essential experimental procedure was as follows: Each salivary gland was 
divided in two. Both halves were placed in a test solution for a specified length of 
time, after which one of the halves was fixed in acetocarmine, squashed, and pre- 
pared for chromosome examination. At the same time, the other half was re- 
turned to Drosophila Ringer solution for a specified period of time, after which it too 
was fixed in acetocarmine and prepared for examination of the chromosomes. The 
purpose of the test solution was to attempt, under relatively mild conditions, to 
dissociate the DNA macromolecules from their neighbors sufficiently to permit them 
to shift axially to such a degree as to result in appreciable alteration or complete 
loss of band structure. This was accomplished by using solutions at various ionic 
strengths of salts such as NaCl, Nal, and NH,I, as well as solutions known to 
break hydrogen bonds, such as guanidine hydrochloride and urea. By varying the 
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length of time to which the chromosomes were exposed to these test solutions, it 
was possible to vary the degree of axial displacement of the DNA constituents and 
thus to avoid obviously irreversible changes. Photomicrographs were taken with 
phase-contrast and with bright-field illumination. 

Under the most favorable circumstances it was possible to disrupt the band struc- 
ture fairly completely by exposure to the test solution and then, by restoring the 
gland to Drosophila Ringer solution, to achieve a considerable degree of restoration 
of band structure. Whether this “reconstituted” structure is of the native or an 
artificial type is not yet known. So far as they go, these results are compatible with 
the macromolecular hypothesis of the chromosome structure described above. 
However, much remains to be done before any definitive conclusions can be reached. 
With the type of experiment described above, one attempts, after an exhaustive 
microscopic study of the entire preparation, to photograph what seems to be a type 
of band pattern characteristic of most of the cells in that particular preparation. 
Since in few cases are the chromosomes of all the cells of a given preparation simi- 
larly affected, this procedure is subject to errors of judgment of the observer. 
Methods are currently being developed by which it may be possible to photograph 
the chromosomes of individual cells before, during, and after exposure to the test 
solution. It may thus become possible to arrive at clear-cut conclusions as to 
whether or not the DNA and protein macromolecules did, in fact, shift reversibly 
with respect to each other in the intact chromosome as a result of exposure to the 
test solution. Efforts will also be made to produce light optically resolvable banded 
structures by appropriate chemical manipulation of extracted and purified DNA 


and protein macromolecules in vitro, along lines similar to those by which the type 


of interaction between collagen macromolecules can be experimentally altered, as 
has been demonstrated by the electron microscope studies mentioned above. 
Progress in these experiments will be reported in due course. Eventually, when ad- 
vances in electron microscope techniques such as that described in this symposium 
series by Hall permit, it may be possible to demonstrate specific types of interac- 
tion of individual thin, elongated macromolecules in pairs or small clusters without 
the necessity of dealing with entire fibrils and their band patterns, from which to de- 
duce macromolecular interaction types. 


* These studies were aided by a research grant (B-24) from the National Institute of Neurologi- 
cal Diseases and Blindness of the National Institutes of Health, United States Public Health 
Service, and by a grant from the trustees under the wills of Charles A. King and Marjorie King. 
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RELATIONS BETWEEN STRUCTURE AND BIOLOGICAL ACTIVITY 
OF CERTAIN VIRUSES 
By Rosiey C. WILLIAMS 
Virus LABORATORY, UNIVERSITY OF CALIFORNIA, BERKELEY 


My portion of the symposium deals with a biological border line, where we can, 
on the one hand, speak about the molecular organization of individual particles of 
organic matter and, on the other, describe certain lifelike properties of these same 
molecular organizations. This is the realm of the viruses, about which there has 
been much pointless argument over the last twenty years as to whether they are 
living organisms or dead molecules. Prior to the purification of tobacco mosaic 
virus by Stanley twenty-one years ago, viruses were considered to be small-sized 
microbes, obviously living and multiplying within infected cells. Now that our 
degree of sophistication has increased and certain virus-like manifestations have 
been found in other, simpler molecules, it is by no means clear that any criteria 
of life can be established that will allow all types of organic systems to be une- 
quivocally listed among either the quick or the dead. For example, we shall see that 
a relatively noncomplex high polymer, similar to those discussed by Dr. Doty and 
by Dr. Hall, is qualitatively as apt at initiating infection within cells as is a chemi- 
cally complex quasi-organism, like the agent of psittacosis. Are we then to call the 
polymer as much “alive” as the large viral agent? In the sense that it can be ex- 
tracted from its cellular environment and, upon reintroduction into a cell, stimulate 
the cell to reproduce it with specific, genetic continuity, it is equally alive. But 
whether or not viruses as they exist in a test tube are alive is a moot and fuzzy 
question. It is more relevant for us to recall that the interesting phase of a virus’ 
existence is the intracellular one, where it is certainly a part of the stream of life, 
and leave for those who would dabble in the undefinable the question of a living 
status for purified, extracellular viruses. 

An essential aspect of that which is living seems to reside in its high degree of 
structural organization, leading to functional activity not predictable from a 
consideration of its separate parts. Our explorations in search of more complete 


descriptions of biological processes, then, appear to be centering around the question 


as to how highly organized macromolecules can be formed out of small component 
parts, despite the disrupting influence of thermal agitation in highly aqueous en- 
vironments. To this end, the viruses serve as particularly apt objects for the 
probing of the synthetic functions of cells, for reasons which I will list: 

1. The viruses produced by cells may be extracted, purified without evident 
damage, and quantitatively assayed. 

2. Viruses possess biological specificity in that each virus type has a limited 
range of host cells. 

3. Upon introduction into the cell, viruses may cause any degree of changed 
cellular function, from acceptability (lysogenicity or latency) to a profound dis- 
turbance ending quickly in disruption and death of the cell (lysis). In some cases 
viruses are known to cause a marked change in the genetic characteristics of the 
host cell. 

4. Despite their biological activity, many viruses are sufficiently simple in 
chemical structure to provide belief that their complete stereochemical structure 
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may be elucidated, and it is not beyond hope that their component parts may be 
synthesized by man. There is thus the challenge that we may be able to make cer- 
tain macromolecules whose introduction into living cells will be capable of pre- 
dictably changing in a permanent manner the characteristics of those cells. 

5. Some viruses are large enough that the mechanics of their growth within 
cells may be followed by direct visualization with the electron microscope. 

6. Some viruses clearly possess a structural differentiation observable with the 
electron microscope. Such objects may be disintegrated chemically and physically, 
and the biological activity of their component parts ascertained. By “biological 
activity” I refer not only to their apparent reproductive ability but also to such 
activities as attachment to cells and antigenicity. It is the studies of the relation 
of certain virus substructures to their associated activities that I propose to discuss 
in some detail. 

[ shall select three examples of viruses for which a correlation has been found be- 
tween observable substructure and biological activity: a bacterial virus, a large 
animal virus, and a rod-shaped plant virus. (I might add, parenthetically, that the 
old-line distinction between plant and animal viruses is becoming slightly frayed. 
In at least two instances! ? viruses have been reported which appear to be equally 
happy multiplying within plants and within insects.) But first I shall essay a 
brief description of the general chemical and physical characteristics of viruses, in 
order that we may see how the selected three fit into the general virus picture. 

All viruses contain protein and either deoxyribonucleic acid (DNA) or ribo- 
nucleic acid (RNA). In addition, the larger animal viruses contain lipids, and one 
of them, at least, is found to have some carbohydrate. The smallest viruses, either 
plant or animal, seem to be pure ribonucleoprotein, wherein the RNA may con- 
stitute as much as 35 per cent. The bacterial viruses and the nuclear polyhedral 
viruses of insects are the surest examples of ones containing only DNA in addition 
to their protein. 

The sizes of viruses range from about 0.3 u for the largest that may be called 
viruses (such as the agent of vaccinia) to a diameter of about 200 A for the smallest, 
spherical objects. Their shapes may be sinuous, rodlike, polyhedral, spherical, 
tadpole-shaped, or brick-like.4 As a generalization, it can be said that the uni- 
formity of size and shape of the spherical, or near-spherical, forms increases as the 
particle size decreases. For example, there is no detectable variation of mor- 
phology among the particles of polio virus or of bushy-stunt virus, both of which 
have been crystallized into macro crystals.» © Influenza viruses, on the other 
hand, are distinctly variable in apparent diameter. Among the sinuous and rod- 
shaped forms, all of them plant viruses, only the particles of the rod-shaped tobacco 
mosaic virus have been closely examined for uniformity of length. The evidence’ 
is that their length is almost exactly a constant 0.3 4. As far as can be ascertained, 
the shapes of the particles of a given species of bacterial virus are uniform, despite 
the presence of a rather complex, spermlike morphology. Methods used for 
preserving three-dimensional structure show that the heads of the bacteriophages 


are polyhedral in shape, with six-sided contours most usually seen.’ Some of the 


small plant viruses, initially thought to be spherical, are also polyhedral, but 
some are clearly not. One of the compelling mysteries of virus structure is why 
so many shapes are necessary for the packaging of infectivity; for example, an 
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RNA virus may be found as a large quasi-sphere (influenza), a sphere (polio), a 
polyhedron (tobacco ring spot), a stiff rod (TMY), or a sinous rod (potato X). 
Some investigation has recently been made by Dr. Fraser and myself® and by 
Kellenberger and Arber™ of the biological role of certain portions of the total strue- 
ture of the T2 bacteriophage. As you will recall, there is good evidence that such 
a phage attaches to the bacterial surface by the end of its tail,!! in which position 
there is a transfer of the phage DNA, and a small portion of protein,!? from the 
virus to the bacterium. Indirect evidence has placed the DNA initially within the 
head of the phage, and some time ago Fraser and I obtained rather direct con- 
firmation of this by the electron microscopy of the DNA fibers lying adjacent to a 
burst phage head.'® It is possible to disjoin the complete phage into intact heads, 
intact tails, intact bodies except for empty heads (called “ghosts’’), and empty head 
membranes. When the specific host-cell attachment of these portions is tested, 
it is found that only the intact. ghosts and the intact tails adsorb; there is evidently 
no affinity between the head protein and the cell. Further disjoiming shows 
two previously unsuspected structural components in the tail: fine fibers extend- 
ing from the end of the tail and apparently wrapped in helical fashion to form 
the distal end of the tail, and a stiff, central core along the axis. The fibers, by 
themselves, attach specifically and efficiently to sensitive bacteria, and we think 
that we have found in the fibers the seat of the primary attachment between cell 


and phage. The role of the tail core is not evident, and at first sight its presence 
appears to increase the difficulty of threading the strands of DNA from within the 
head down the length of the tail and into the bacterium. We now suppose in a 
speculative way that the function of the tail core is essentially that of a needle: 


to enter the bacterium through a hole in some way formed in the cell wall and to 
bring the DNA after it as a needle pulls a thread. There is thus seen in the case of 
a bacteriophage a most complicated structure for a virus, requiring the co-operation 
of a number of its parts in the inoculation process. I shall later compare this 
complexity with what appears to be a much greater simplicity of structure. Per- 
haps the complexity of the bacteriophage morphology is related to the problem of 
transferring its nucleic acid through the tough bacterial wall, a problem not en- 
countered by most other viruses. 

The foregoing is an example of the relation of configuration to the biological 
activity of attachment and inoculation. We shall next consider an example of 
virus substructures as related to antigenic properties. The virus is that of fowl 
plague, one of the many viruses of a group that includes influenza, mumps, and the 
Newcastle disease of chickens. All viruses of this group have the ability to clump 
red blood cells by adsorbing to their surfaces and effectively bridging several of 
them together. This phenomenon is an expression of the so-called hemagglutinat- 
ing, or HA, property of the virus. It may be presumed that the HA property 
resides upon the viral surface, and it is known that it has an enzymatic power in 
removing a mucoprotein substance from the surface of the red cell. The virus as a 
whole, of course, has antigenic properties in the sense of being capable of inciting 
antibody production in a host animal. Chemically it is primarily a protein, with 
about 1 per cent RNA and with some lipid and carbohydrate. 

Recently Schafer and Zillig' have shown that this virus can be disintegrated into 
rather homogeneous fragments that are noninfectious but show interesting proper- 
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ties. One fragment, called the “G-antigen,” is a particle about one-sixtieth the 
diameter of the virus. It is solely a nucleoprotein, containing about 10-15 per 
cent RNA. Antigenically it is similar to the whole virus, and it immunizes power- 
fully. On the other hand, it has no HA property. The other fragment has HA 
property, is antigenic like the complete virus, but contains no RNA. From the 
difference in HA properties and from certain serological relations, it is concluded 
that the G-antigen has come from inside the virus, while the HA antigen has come 
from the outside. There seems to be a relation between these two types of particles 
and two other noninfectious particles that are liberated by host cells during the 
growth of the virus. There is always liberated a small-size antigen, the S-antigen, 
whose properties appear at this time quite similar to the G-antigen obtained from 
inside the complete fowl-plague virus. The other noninfectious particle liberated 
appears to be copiously produced when the original inoculum is quite concentrated. 
This is the so-called “incomplete virus.”"” The properties are what might be ex- 
pected if the HA antigen of Schifer and Zillig were to be packed into a much larget 
and probably hollow sphere. Thus it appears that the fowl-plague virus (and 
very likely the others of the same group) is composed of a collection of small, 
RNA-containing particles centrally packed together, the whole surrounded by a 
packed collection of the HA antigen, not containing RNA. It also seems likely 
that in the natural manufacture of this virus there are imperfect parts made: 
the small RNA-containing units that do not get properly assembled and the HA 
material that gets assembled into a chassis, but with the engine lacking. 

My last example has to do with the relation of virus structure to infective ac- 
tivity and is largely based upon work done by Dr. Fraenkel-Conrat and myself.'® 
It concerns the structure of tobacco mosaic virus, about which there is now much 
more anatomical information available than for any other virus. This is a rod- 
shaped virus of uniform length and diameter, containing only protein and about 
6 per cent RNA. Some years ago Cohen and Stanley” showed that its two moie- 
ties could be rather simply separated chemically, and since then several different 


procedures have achieved this separation. It is evident that the protein and the 
RNA are held together by weak chemical bonds only. It has been shown by 


Schramm" that the protein portion, called the “‘A-protein,” could be reaggregated 
to form rods of indefinite length, morphologically similar to the virus. Infected 
plants apparently produce an excess protein, called the ‘“X-protein”’ by Takahashi, 
which can be similarly aggregated to rods — probably another example of a sort 
of incomplete virus. The protein rods, I might needlessly add, are noninfectious. 
One of the interesting questions about the structure of TMV has been the localiza- 
tion of its RNA. Hart!® has shown by controlled degradation in detergent solu- 
tions, followed by electron microscopy, that the RNA is coaxial if not axial in the 
virus rod. The protein itself is chemically divisible into fundamental subunits, of 
molecular weight about 17,000. X-ray evidence obtained by Watson®! and 
by Franklin®? has given us, in combination with the chemical and electron-micro- 
scopic results, a rather complete picture of the structure of the virus. It is believed 
to be a helix built of the protein subunits, with a pitch of 23 A per turn. The 
region around the axis is hollow, outside of which is arrayed the RNA in an approxi- 
mately coaxial orientation. 

As I have said, when the A-protein derived from the virus is tested for infectivity 
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either in the disaggregated or reaggregated state, it is found to be incapable of 
initiating any appreciable infectivity in plants susceptible to TMV. If, however, 
this protein is reassembled in the presence of RNA also prepared from TMV (pref- 
erably by a detergent treatment), the resulting rods are now found to contain 
RNA in stoichiometric proportions and, as examined by Hart’s technique, contain it 
exactly where it belongs within the rod. It is probably not remarkable to find that 
the giant helix of the protein portion is capable of reassembling step by step from its 
building blocks, but it is difficult to see how the assembly of the nucleoprotein is 
made, with just the right amount of the RNA strands held in the proper position in 
the protein matrix. It appears as if the RNA acts as a sort of cement, as one might 
expect if there are several strands of covalently linked material running axially 
along the rod and joining to the protein subunits. The repolymerized nucleo- 
protein is distinctly more resistant to subsequent alkali treatment than is the poly- 
merized A-protein.”* 

Not only are rods of nucleoprotein formed when the A-protein and RNA are 
mixed together, but there is found to be a small fraction of infectivity (about 1 per 
cent) residing in these reconstituted particles. There is no constancy of length in 
the reconstituted material, as there is with native TMV, but it is universally found 
that infective preparations contain a fair percentage of rods over 0.3 uw long. The 
occasional reconstituted preparations that exhibit no infectivity seldom have any 
rods this long. The source of the infectivity of the reconstituted materia] is a 
question of major importance. Extensive tests show that it cannot be due to con- 
tamination by particles of native TMV which have outlasted the degradation and 
purification procedures. It was thought for some time (for reasons I will describe) 
not only that the A-protein portion was noninfective but that the RNA portion was 


also biologically inert. It then appeared as though the reassembly of the nucleo- 
protein resulted in a kind of reintegration of structure such as to make infective 
material out of material too disassembled to be infective. 


Experiments with making artificial recombinants or crosses began to cast some 
doubt as to the “‘life-out-of-nothing” aspect of the reconstitution. It is possible to 
reassemble the nucleoprotein rods from protein of one strain of virus and from 
RNA of a quite distinct strain.24 When this is done and both types of cross are 
tested for strain characteristics, it is found that the progeny of the reconstituted 
virus have the characteristics of the parent furnishing the ribonucleic acid. Evi- 
dently the “‘life-stuff” of the TMV is its RNA—a not wholly surprising conclusion 
in the light of our information about the role of DNA in the bacterial viruses. 
Following the results of the recombination experiments, a considerably more so- 
phisticated approach was made toward searching the RNA fraction for infectivity. 
It was found that indeed it is infective, with an infectivity titer roughly correspond- 
ing, on an RNA basis, to about one-tenth the infectivity of the reconstituted virus. 
The reason that its infectivity had been overlooked previously resides in its amazing 
lability in dilute buffered solutions. In the concentration ordinarily employed for 
assay, about 100 ug/ml, the infectivity of an RNA preparation may drop several 
fold in an hour. 

So now it appears as if reconstitution of TMV is a fascinating exercise in packag- 
ing the infectivity of RNA in a manner such as to resist the vicissitudes of dilution 
and inoculation to plants. While some of the excitement associated with the 
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mystery of virus reconstitution has now faded, a much more important result has 
emerged: for the first time it has been found that purified RNA has a measurable 
biological activity when reintroduced into a living cell. 

An interesting aspect of the structure of TMV, and of the infectivity of RNA, is 
the question of the minimal amount, or length, of the RNA polymer which will 


convey the information necessary for infectivity. Earlier experiments have indi- 
cated over the years that rods of TMV, artificially broken, are not infectious. A 
more precise approach to the question has been made by Hart.'® He finds that it is 
possible to degrade TMV so slightly with detergent that only the extreme ends 
of the RNA core are visible in the electron microscope, and when this is done, the 
activity of the TMV persists, although in diminished amount. But when the virus 
with its partially exposed RNA is treated to RNase (not particularly deleterious 
to intact, native TMV), the infectivity is almost completely destroyed. This is in 
accord with the observation that the purified RNA alone, when attacked by 
RNase, loses all its residual activity. It may be that infectivity depends upon the 
existence of at least one strand of RNA of a length equal to that of the intact virus. 
At present it is not known how many strands of RNA there are within the virus, 
but a multiplicity seems likely. It may well be that an RNA preparation is in- 


“c 


fective only when it contains some strands of the “standard” length or greater. 
In the reconstituted TMV it is likely that a given rod will be potentially infective 
if any one of its multiple RNA strands is of full length; that in native TMV there 
is a redundancy of information, in that several such full-length strands are present 
in each rod. 

We have thus seen that in two instances (the bacterial viruses and tobacco mosaic 
virus) there is definite indication that the introduction into a living cell of a purified 
nucleic acid fraction will cause the cell to produce fully clothed, infective virus 
particles. Perhaps more interesting is the finding that the inciting agent may be 
either DNA or RNA. Although these are the only two cases known where the 
consequence of the introduction of nucleic acid is the production of viruses, there 
are other examples of the ability of an introduced nucleic acid to change per- 
manently the life-history of the receptor cell. The best known of these other cases 
is the “transforming principle,”’ known for over a decade.” It is possible to change 
a nonencapsulated mutant of Diplococcus pneumoniae (the R strain) into the more 
common encapsulated form (the 8 strain) by exposing the former to a purified, 
exogenous product formed in the capsule of the latter. This change is permanent, 
and the nearly changed pneumococcal form manufactures its own transforming 
principle. It is now fully established that the transforming principle is deoxy- 
ribonucleic acid; by now it is also known that there are several transforming 
principles, but these are always found to be composed of DNA. 

Another example of a virus-like agent that has permanent effects upon cells is 
the so-called “transducing agent,’’”® liberated by some bacteria of the genus Sal- 
monella. These agents are now believed to be bacteriophage, but they have the 
important property of transferring to other strains of Salmonella some of the 
hereditary characteristics of the strain from which the transducing agent has come. 
Inasmuch as the active material effecting the permanent transformation of the 
bacterial characteristics is doubtless DNA, we seem to have here a transforming 
principle wrapped within a viral package. 
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What emerges from the experimentation with the effects upon cells of viruses, 
and parts of viruses, is that the key to an understanding of viral “multiplication” 
appears to be the interaction between the synthetic activity of the cell and the 
introduction of a foreign nucleic acid, either DNA or RNA. It is significant that 
there appears to be no difference in the qualitative effects brought about by the 
two types of nucleic acid. This has been suspected for some time, of course, ever 
since the establishment of the sole RNA content of some of the viruses. But there 
have been uncertainties as to the degree of similarity that may be accorded the 
biological effects of DNA and RNA introduced from the outside. It is only 
recently that other than plant viruses have been found to contain only RNA, and 
until that time there has been the ghost of a feeling that virus reproduction in 
animal cells, or bacterial cells, might be different from that in plant cells. Even 
now we do not have a precise RNA parallel to infection with the DNA of phage or 
the DNA of the transforming principle. However, we do have an instance of the 
initiation of infection in plant cells by purified RNA, and we also have a rather de- 
tailed description of the infection process brought about by an RNA animal virus, 


influenza. 3 
Dulbecco” has discussed, for influenza virus, the attachment to, entry into, and 


multiplication within the host cells. Phenomena quite analogous to the infection 
process by bacterial viruses are found, with differences which can be very likely 
attributed to the differences in mechanical rigidity between bacterial and mam- 
malian cells. The influenza virus evidently attaches to the cell wall, in both a re- 
versible and an irreversible phase. It is apparently engulfed in toto by the cell, 
wherein, after a very short time, it may not be recovered as an infectious particle 
by artificial breakage of the ceil. In all major respects the duplication of one RNA 
virus, at any rate, appears to follow the same rules as the duplication of a DNA 
virus. 

It is clear from the foregoing that the phenomena observed relating virus struc- 
ture to biological activity introduce many more questions than they answer. 
One set of questions relates to the virus protein. We have seen that the phage 
protein is formed in a rather elaborate array and appears to have specialized func- 
tion. Can we perhaps distinguish among three degrees of relevant function of the 
protein portion of viruses? In phages the protein seems to be involved in the 
inoculation as well as the attachment process; in the animal viruses the protein has 
an attachment and enzymatic function, but its role in inoculation seems to be 
passive; in the plant viruses the function of the protein may be only to stabilize 
the RNA. Is it true that virus replication can be initiated without the introduction 
of any viral protein? Only for the DNA of the transforming principle is there 
conclusive evidence for the lack of protein in the inoculum. In the case of the 
inoculation of phage DNA it is known that a small percentage of protein also 
enters the cell;!" for the case of infection by the RNA of tobacco mosaic virus 
the lower limit that can now be set upon protein contamination is about 0.1 per 
cent. For all other viruses it is almost certain that both protein and nucleic acid 
enter the cell. 

If we assume, however, that only the RNA or DNA is important for replication, 
then a question arises as to the requirements upon the packaging of the materia). 
We seem to have three cases: DNA in a protein bag (phage), RNA rather cen- 
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tralized but immersed in the protein (TMV, turnip yellow mosaic, and perhaps 
other plant viruses), subunits containing both protein and nucleic acid (fowl- 
plague and influenza viruses). In all cases the question comes up as to how much 
of the nucleic acid of a virus particle must enter the cell to be infective. We have 
very little way of getting at the answer with phage, since all the DNA is inserted at 
once. But if a fowl-plague virus is an assembly of ribonucleoprotein subunits, ean 
it be that the individual subunits are infective? Is the failure to demonstrate their 
infectivity due to the failure of the naked subunits, devoid of HA material, to 
attach to the cells? Attempts to inoculate by injection might prove successful. 
In the case of infection with the RNA of tobacco mosaic virus, is it necessary to 
get a virus’ worth of RNA within a single cell to get infection? Or will only one of 
the strands, or even a portion of one, do the job? There seems to be evidence here, 
from the experiments of Hart and from the data on length of reconstituted virus, 
that there must exist at least one RNA strand of full length; else why are short 
rods of TMV noninfective? In the spherical RNA viruses, is the RNA rolled up in 
a single-stranded ball at the center, or are there multiple strands imbedded in the 
protein? 

The most important question, of course, is also an unanswered one: What goes on 
between eclipse phase of viruses and the emergence of new units? The frag- 
mentary evidence that we have from phage experiments indicates that the virus 
DNA splits up into smaller units and that subassemblies of new DNA are first 
made. At this stage there may be shuffling of the components with consequent 
recombination. Evidently only toward the end of the growth cycle are the com- 
ponent parts assembled® and the DNA stuffed into, or encapsulated by, the head 
membrane, as the case may be. 

In essence, however, the central problem is how a linear, organic polymer (the 
nucleic acid) ean so influence the controlling mechanism in a cell that copies of the 
intruding polymer will be created. The question now seems to be complicated by 
the observation that the effect is qualitatively the same whether the intruding 
polymer is RNA or DNA. In either case faithful copies are made. In the days 
when some degree of detailed information was known only about the DNA bac- 
terial viruses, it was tempting to conclude that the DNA of the virus and of the cell 
became intermeshed, thereby creating effectively new chromosomes with new 


types of genes. This interpretation is not confounded, but rather enhanced, by 


the genetic evidences for phage systems. But must we now also say that the 
viral RNA enters into the structure of the cell chromosomes, or are we to say that 
the replication processes of RNA and DNA viruses are distinct? It may be 
more than coincidence that in the case of bacteriophage infections, where it is be- 
lieved that there is a union between the cellular chromosomes and the viral DNA, 
convincing evidence is lacking for the existence of structures within the bacterial 
cell that can be identified as chromosomes. There can be no doubt that viruses 
affect, the genetic characteristics of cells, and it is firmly held that cellular chromo- 
somes control the genetic destiny of the cell. But observations that some viruses 
seem to develop in the cytoplasm and others in the nucleus, combined with the 
apparently equal effectiveness of RNA and DNA in initiating permanent cellular 
changes, make one wonder if perhaps the classical recognition of the dominance of 
the role of the DNA-containing chromosomes may require modification toward the 
inclusion of RNA-containing organized structures within the cell. 
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THE COMPOUNDING OF COMPLEX MACROMOLECULAR AND 
CELLULAR UNITS INTO TISSUE FABRICS* 
By Paut A. WEIss 
ROCKEFELLER INSTITUTE FOR MEDICAL RESEARCH 


Preceding speakers at this symposium have convincingly traced the stepwise 
synthesis that leads from simpler elements to complexes of higher order: from 
molecules through macromolecules to ordered macromolecular systems. Extrapo- 
lating this trend, one might feel tempted to expect that it would take but an- 
other upward step of the same nature to carry us to the living cell and that this 
last step—the synthesis of a cell—would, like the preceding ones, turn out to be not 
just a logical construct but a demonstrable physical reality. Let us stress right 
at the start that there is nothing in our experience to justify this bold expectation. 
Yet, at the same time, on a more modest scale, some findings of recent date have 
given real substance to the belief that also on levels of organization higher than 
those dealt with by the preceding speakers new entities of complex order can be 
synthetically compounded through the assemblage of freely interacting elements 


the elements in this case being subcellular particles or even whole cells. 


Microscopic and submicroseopic units of living things occur in definite functional 
and spatial relations, often reflected in geometric regularities. We express this 
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fact implicitly whenever we speak of the ‘‘fabric’’ of body tissues or refer to their 
“texture” or “architecture.” In the spirit of Democritus, and projecting his 
atomistic philosophy of nature upward into the living organism, one would postulate 
that such fabries are actually being woven—that is, pieced together—from unit 
threads. But then, where is the pattern outlining the design and where the 
mechanism to guide the units to their appointed places? Those who refused to in- 
voke disembodied extraneous guides like Driesch’s entelechy resorted to the 


postulate of a primary entity and wholeness of the organism, which means that, 


regardless of the major elaborations and transformations which its fabrics would 
undergo during development, they would have been patterned fabrics, nonetheless, 
from the very start. Surely a living system can be decomposed into its member 
units; but that these isolated members could then be reassembled again so as to 
emerge once more as a harmonious fabric of higher order, like the phoenix from the 
ashes, the way molecules can group together as ordered macromolecular systems, 
was seriously questioned, at least for higher forms of life. It is the validity of 
these doubts that will be put to the test here. 

Our first sample test is chosen from recent work in which we have attempted to 
extend the analysis of development to submicroscopic patterns. In searching for 
suitable objects, we found an exquisitely favorable one in the basement lamella of 
the skin of larval amphibians. This is a fabric of subtle and most regular design, 
lining the underside of the sheet of epidermal cells and separating them from the 
loose connective tissue further below (Fig. 1). The electron microscope (all sub- 
sequent pictures from ultrathin sections of osmium tetroxide-fixed and methacry- 
late-imbedded preparations) reveals that this membrane is composed of about 
twenty layers, defined by sets of cylindrical fibers, the directions of which alternate 
from layer to layer at approximately right angles (Weiss and Ferris'). Figure 2 
shows these fibers alternatingly in cross-section (as round dots) and in profile 
(as beaded ribbons). In other words, the “grain” of the lamella is not unlike that 


of a board of plywood with twenty plies. (An “orthogonal” structure of the 
lamella had previously been discerned under the microscope by Rosin? but could 
not be correctly interpreted at that level of resolution.) 

Morphologically, the fibers show characteristics of the collagen class. They 
are cross-banded, with an axial period of about 520 A. (All dimensions given here 
refer to the fixed and sectioned specimens without corrections for shrinkage and 
distortions during preparation.) Homologous segments of neighboring fibers are 
in register. Such lateral alignment is also observed in collagen reconstituted 
in vitro.* Compared to the in vitro product, the in vivo fabric, however, repre- 
sents a higher order of regularity in the following regards: (1) The fibers are regular 
cylinders. (2) Their diameters are rather uniform, with a mode about 450-500 
A. (3) Within a given ply, they run in parallel directions; being in register, they 
give the whole ply an over-all cross-striated appearance. (4) They either gird the 
body without ends, which is hard to prove, or at least are extremely long. (5) 
They are imbedded in an electron-optically homogeneous, slightly absorbing 
ground substance, which by analogy might tentatively be assumed to be a muco- 
polysaccharide complex. (6) Although the stacking of the fibers within each ply 
shows no marked regularity, the total thickness of each ply is uniform, averaging 
about 2000 A. (7) The fiber direction changes from one ply to the next by a right 
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angle, so that the fibers of all even-numbered plies are parallel among one another 


and the fibers of all odd-numbered ones are likewise. Both systems, on the whole, 
seem to run diagonally to the body axis (see Rosin’). 

There are additional peculiarities (see Weiss and Ferris'), but the ones outlined 
here will do to show in sharp relief the superior order of the fabric in the body over 
that in vitro and the perplexing new problems we are thus forced to face. To com- 
pound a 500 A fiber would require a bundle of at least a thousand elementary 


Fic. 1.—Cross-section through the skin of a larva of a urodele amphibian. Marginal brackets 
indicate width of epidermis, 2, and basement lamella, B. 470. 

Fic. 2.—Eleetron micrograph of ultrathin cross-section through basement lamella, showing on 
top the epidermal border. 18,000. 


filaments; how is the finite size of such an assemblage fixed, and how does it achieve 
cylindrical shape? How do the fibers attain and maintain their parallel courses, 
and what determines their orientation relative to the body? What forces them 
into lateral register? What limits the height of each ply, and what causes the 
abrupt reorientation of the fibers in the next ply? And why just at right angles? 
And what limits the number of plies to just about twenty? It is to concrete issues 
of this kind that we must address ourselves if we are ever to bring the verbal sym- 
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bol “organization” within reach of our comprehension. Where is the architect who, 
with micrometer, protractor, and counter, shapes elementary building blocks into 
this delicate design, and how does he do it? 

To get clues to the answers, we turned our attention from the finished fabric to 
the manner of its fabrication. Here is a first account of the steps by which this 
membrane attains its architecture (see also Weiss and Ferris‘). Instead of the 
primary embryonic building act, we chose, for technical reasons, the secondary 
rebuilding process that follows an injury. We remove a small piece of skin with 
its underlying basement lamella and follow the healing process in electron micro- 
graphs taken at successively later stages. Wound healing is a co-ordinated ma- 
neuver, engaging many tissue components in an intricate manner still largely un- 





Fig. 3.—Diagrams to illustrate consecutive steps in the repair of a skin wound (see text). 


resolved. Figure 3 shows the events in diagrammatic cross-sections. The raw 
wound (B) is promptly covered by an exudate (C). A wave of detachment, 


spreading from the cut edges, then causes the epidermal cells to lose their foothold 
on the basement lamella.’ These mobilized cells roll and glide off their former 
substratum and onto the exudate, which they soon cover (D). Between this new 
epidermal coat and the raw tissue beneath, the missing patch of basement lamella 
will now be gradually rebuilt, and it is on this development (from D to F) that we 


shall concentrate. 
Prior to the lesion, the epidermal cells have been glued to the basement lamella 
by an intermediary lining about 600 A thick, containing a single layer of evenly 
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spaced granules.6 On wounding, both this film and the epidermal surface come 


loose, but by just what means the cells then advance over the wound is still ob- 
secure. At any rate, several days after a lesion, we find the epidermal cells re- 
settled on the wound coagulum in a continuous sheet, an intermediary granulated 
film restored, and underneath the exudate a group of fibroblasts filled with endo- 
plasmic reticulum, which signifies a high rate of productivity.’ The bulk of evi- 
dence indicates that the elements for the future fibers of the basement lamella come 
from these cells. They are shed in some precursor state into the matrix, where 
they assume their definite filamentous form. For our present purpose, their origin 
is less relevant than their structure and disposition, of which Figure 4 gives an 
example: The young fibers are of rather uniform width (about 150-200 A), that is, 
much thinner than the mature variety; they are oriented rather at random; 
and they assume only a minute fraction of the total space (in the present specimen, 
about one-thousandth), hence represent only a very small sample of the closely 
crowded fiber population of an intact lamella. At higher magnifications, faint, 
hut definite, traces of cross-banding of the 500 A order, indicative of mature 
collagen, can be recognized. 

This, then, is the state of the lamella in the process of reconstruction during the 
second week: An undefined matrix containing a loosely matted feltwork of small 
filaments in random disarray with no semblance of the ordered architecture that 
had characterized this site before the wounding and that eventually is to be fully 
restored. The point to stress is that the building blocks are demonstrably present 
at the building site, not in molecular solution or as macromolecules but already as 
formed filaments, before there is any sign of a higher-order texture. Threads have 
been spun but not yet woven into an ordered fabric. The ordering follows see- 
ondarily, in quite a remarkable and unexpected way. 

The first signs of orientation and stratification appear at the epidermal side of the 
slab as tracts of fibers running parallel to the surface. As soon as layering appears, 
the alternating layers assume their typical orthogonal orientation. This is rather 
impressively demonstrated by sections in the plane of the lamella cut tangentially 
near the surface and grazing the epidermal underside. Figure 5 shows such a 
section. The dark bodies are “bobbins” (Weiss and Ferris*), assumed to be adhesive 
disks dotting the cell base. In the area beyond the cell border, one notes the newly 
formed lamella, whose fibers in the cell-near portions are already strictly oriented 
in two systems of parallel lines which intersect approximately at right angles, in 
contrast to the disarray that still prevails in the deeper, more peripheral regions. 
All fibers are still of the initial thin size (~200 A) but, strikingly enough, are spaced 
at rather regular intervals, which turn out to be about 500 A, or just of the order of 
the diameter which fibers are to attain in the final mature stage. The axial fiber 
periodicity of the 500 A range is now well marked. Moreover, despite the wide 
interspaces, the fibers are already aligned with their cross-bands in register, which, 
incidentally, seems to rule out any explanation of this lateral ordering by contact 
forces. 

The fact that the distance between fibers is just about the same as the axial 
period, namely, about 500 A, suggests a simple hypothesis for the orthogonal 
arrangement (Fig. 6). Assuming that the very first ordering step results in a 
planar array of parallel fibers with 500 A axial period, 500 A apart and in register, 
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Fia. 4.—Electron micrograph of cross-section through newly forming basement larbella, 
11 days after wounding. On top, border of epidermal cell with “bobbins.” X ca. 14,000. 

Fic. 5.—Electron micrograph of tangential section near epidermal margin, showing a 
sliced-off portion of the cell with the adjacent (oriented) fiber layers. X ca. 13,000. 


° 
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this evidently would define a grid of squares of 500 A side length that would set 
the ground floor, as it were, for the building. Assuming further that the interac- 
tions that have produced this planar order act in the same way in the third dimen- 
sion, we would arrive at a lattice of cubes, the upper corners of which would define 
equilibrium positions for the nodal segments of a second set of fibers, which would 
thus add another story. However, there are two alternative ways in which these 
fibers could become stacked up on the base layer: either in parallel, as in diagram 
A, or perpendicularly, as in diagram B. Now, if we assume that because of certain 
inner symmetry requirements, the only permissible orientation would be the one 
that differs most from the neighboring one, the orthogonal alternation of successive 
primary layers would be accounted for. 

But whatever the eventual explanation of its orthogonality may be, the order of 
the fabric definitely starts out as a planar pattern, which then extends itself into a 
space lattice, as geometric order sweeps from the epidermal surface downward to 
align the erstwhile random population of fibrous elements into the characteristic 











6 ¢—S00h—» 


Fic. 6.—Diagram of possible stacking order of successive fiber layers (explanation in text). 


layered grid. Perhaps some principle of macrocrystallinity would be the most 
its 


suitable conceptual frame for this phenomenon. Though often postulated,® ° 


plausibility has never been intimated so compellingly by direct observations. In 
any event, this is clearly a case of organization of a higher order emerging stepwise 
through the integration and regrouping of lower-order units. 

The further details of this process of restoration can be mentioned here only 
briefly. The small fibers increase in numbers, grow to the mature size of 500 A, 
and thereby become more closely packed. This maturation likewise proceeds in 
general from the epithelial side downward. Each layer seems to arise as an array 
of separate patches, which only secondarily become joined along a continuous 
plane, as if each stratum as such were physically preformed in an invisible lamina- 
tion of the ground substance, of which the arrangement of the fibers would merely 
be the tangible expression. An underlying laminar structure of the ground sub- 
stance is further suggested by two observations: (1) in heavily shrunk prepara- 
tions, the lamella develops clefts along the strata; and (2) during later meta- 
morphosis, when mesenchyme cells invade the lamella, they likewise pry the layers 
apart as if wedging in along preformed borders (see Fig. 8 in Weiss and Ferris'). 
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All this makes us wonder whether, in letting the conspicuous fibrous inclosures 
monopolize our attention, we might not have neglected the ground substance, 


which is electron-optically structureless, as possibly a major partner in the ordering 


process. 
To say more about this would be premature. The only fact that seems assured 


is that in the organism here structural order of a higher type is achieved through 
the regrouping of units of lower, but distinctly supramolecular, order. And to this 
extent the extrapolation to higher levels of the trend of thought inaugurated by the 
preceding speakers has been validated. At the same time, we must bear in mind 
that even though this higher-order fabric is extracellular in position, it has thus far 
been obtained only in intimate connection with living cells. 

While ours is the first case in which the formative process has actually been 
traced in its progress, several other microstructural fabrics of similarly high geo- 
metric regularity have been described; for example, the cuticle of the earthworm" 
or the peritrophic membrane of the gut of some insects.!' No doubt all these in- 
stances are manifestations of a common basie principle, which, though its nature 
still remains to be elucidated, has now at least been brought within the grasp of 


our comprehension and experimental resolution. 


Unexpected as these developments have been, passing on now to a yet higher 
level on the seale of living organization, we find ourselves confronted with even 
more astonishing disclosures. We say of the organs and tissues of cellulated or- 
ganisms that they are composed of cells. Do we mean to imply by this that they 
can veritably be “composed,” that is, built up by the assembling of their constituent 
cells, the way a typesetter composes type? Surely, in natural development, the 
cells have never been disassembled but have always been part and parcel of the 
coherent unitary system of the developing individual. Only experiments can tell 
whether being composite implies the faculty of arising by composition. 

Each organ contains cells of different kinds or types. These differences have 
arisen during ontogeny by a series of processes lumped under the term of ‘dif- 
ferentiation,”’ still very inadequately known as to its actual content.!? One thing 
that has been firmly established is that the observed diversity results from interac- 
tions between cell groups varying according to location in the germ.'® The order- 
ing principles which thus activate cellular potencies in orderly space patterns are 
now commonly designated as “fields,” a term which I adopted in 1923'* as an em- 
pirical necessity but which has often since mistakenly been given much broader 
explanatory meaning. All versions, however, had in common the assumption 
that a “‘field’”’ was the property of a large continuum of cells derived from the early 
germ as a unitary block (see Huxley and deBeer; Weiss"). Once the individual 
cells had acquired their final specifications within a given field, they could continue 
then in their initiated courses independently, so that whenever they were there- 
after scrambled experimentally, they would turn out an end-product of equally 
scrambled composition instead of a harmoniously constituted organ. 

There had been no suggestion, or reason to suspect, that if the solid block of cells 
defining a field district were completely broken up into its constituent single cells 
and these brought together again in wholly random constellations, they would 
collectively re-establish a new field of the same character as that to which they had 
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formerly belonged. Yet this is precisely what happens in aggregates of cells from 
dissociated embryonic tissues. 

The first studies of this kind go back to the early part of the century, when 
Wilson” and Galtsoff'* broke up primitive invertebrates—hydroids and sponges— 
into small cell groups, whereupon the fragments would reassemble and reconstitute 
new animals.'? Later research” proved that this came about by the selective re- 
attachment of cells of like character to one another and the regrouping of these 
assemblages into their proper relative positions. The cells involved had previously 
been parts of a differentiated organism. More pertinent to the field problem is the 
spectacular morphogenesis of colonial slime molds, in which a population of inde- 
pendently roaming single amoebae suddenly aggregates into a single mass and by 
collective action then produces a complex stalk and fruiting body, in which the 
cells assume divergent differentiations in accordance with their positions in the 
assembly.2" 2? Here is a clear case of a “field” being established by the joining of 
formerly unconnected cells. 

Then, in 1949, we started a program to extend these experiments to higher 
forms of animals, and particularly embryonic stages, while differentiation was 
still under way.** We dissociated early chick embryos into their constituent cells 
and injected samples of these random suspensions into the blood stream of older 
embryos. By choosing cells with pigment markers, it was possible to locate the 
final outcroppings of some of them in the coloriess host embryo districts. The 
fact that they became selectively incorporated at their type-specific destinations is of 
great interest in connection with the principle of selective affinities** but need not 
concern us here. 

What is of importance in the present context is that those injected cells which 


had escaped from the embryo and become lodged on the yolk sac produced forma- 


tions of great complexity and a high degree of histiotypic and organotypic dif- 
ferentiation, revealing an astounding faculty for self-organization of random con- 
glomerates of cells.” For instance, young feathers were observed to have formed 
in a cluster of scrambled cells of an early limb bud, dissociated days before there 
had been any true feather germs. Since the formation of a feather requires a com- 
plicated and strictly co-ordinated pattern of movements and growth of the tributory 
cells,?* our experiment had proved that a random assortment of cells can, as a 
group, set up conditions de novo—a “‘field’’—which will cause the members of the 
group to move and grow in concert and in accordance with a typical pattern of 
organogenesis. 

The next step, namely, to transfer the testing ground from the yolk sae to tissue 
culture in vitro, was expedited by results obtained about that same time by Mos- 
cona,” showing that the cells of embryonic cartilage or kidney, dissociated by 
trypsin treatment and after reaggregation cultured on a plasma clot in vitro, 
would differentiate cartilage or kidney tubules, respectively. By adopting this 
technique and rearing small colonies of single-cell suspensions of embryonic chick 
skin in tissue culture, we found our expectation confirmed.** Not only did typical 
skin develop, but in it typical feather germs appeared (Fig. 7, 7). Thus a group of 
skin cells—elements of lower order—thrown together at random had managed, 
even outside the organism, to synthesize a feather—a higher-order unit—by 
harmonious collective action, as if in concert. 
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The gain from these results is dual—conceptual and pragmatic. Conceptually, 
by dispelling the notion that organ fields must necessarily possess and retain pri- 
mary entity to become effective, they establish the legitimacy of deriving field 
properties from interactive relations of parts (see Weiss,'? p. 208). Pragmatically, 
they open wide vistas of new experimental analysis that might at last replace sym- 
bolic language by concrete knowledge. Some of this analysis is currently under 
way in our laboratory, and just to show its potentialities, I shall cite one example 
from my joint work with Dr. Moscona. 

Contrary to a widespread misconception, cartilage is more than just a hunk of 
tissue composed of cells that have incased themselves in a common matrix of 
chondroitin-sulfuric acid and collagen fibers; depending on its origin, it has a 
definite morphogenetic growth pattern that, as tissue culture studies have shown,”° 
will shape it into typical skeletal parts even in vitro. Now, we had found that in 
contrast to the massive growth form of explanted limb cartilages, the scleral coat of 
the chick eye, which likewise consists of cartilage, when reared in vitro, develops 
into a plate.” One used to take it for granted that such differences of growth 
patterns were somehow based on properties residing in each rudiment as a whole. 
But from our new perspective, it seemed justified to question the cogency of this 
assumption and to subject the supposed wholes to disruptive tests. Would single 
cells from either cartilage, when isolated, remember the specific type of architec- 
tural organization toward which they were formerly heading, and, if so, would 
they, when reunited with others of their kind, know how collectively to accomplish 
it? 

Here are the results of such a test. Figure 8 shows samples of suspensions of 
precartilage cells from young chick embryos obtained by dissociation in trypsin 
at left from a limb bud, at right from the sclera of the eye—indistinguishable under 
the microscope. However, when reaggregated and reared in tissue culture under 
identical conditions, each builds the specific type of architecture that is charac- 
teristic of its former destination: The cells from limbs combine and grow as massive 
nodules, characteristic of limb cartilage (Fig. 9a), while those from the sclera form a 
flat plate (Fig. 9b). They thus had each retained, upon isolation, not only a general 


cartilaginous quality but quite specific cues as to how to arrange themselves, their 


offspring, and their products geometrically when reassembled in a mass. 

This case is especially favorable in that it presents us with two sharply distinet 
geometric patterns—a massive and a planar array—assumed by a tissue composed 
of only a single kind of cell. This should facilitate the resolution into terms of 
factual mechanisms of such embarrassingly provisional terms as ‘‘cues.”’ Here, 
then, lies the pragmatic value of these results. To exploit it more fully remains a 
matter for the future. But at least the road ahead seems open. In the face of the 
current fashion of transliterating such terms as “‘cues” into the language of ‘in- 
formation” theory, it should be pointed out that the messages carrying such “in- 


’ are in code and that our purpose as scientists must remain to decode 


formation’ 
them. If the analysis of the self-integrative faculties of the cells of disrupted organs 
continues to keep its promise, the prospects for a major advance in the cryptography 
of the mysterious code of higher organization of living systems seem very good, 
indeed. 

The phenomena described in this cursory account, however notable as such, 
assume added meaning in the context of this symposium; for, in conjunction with 





Fic. 7.—Keratinized skin with feather germ (F) developed on plasma clot in vitro from dis- 
sociated and randomly reaggregated cells of 8-day chick embryo skin. 

Fig. 8.—Samples of trypsin-dissociated precartilage cells from embryonic limb bud (a) and 
sclera (b) prior to explanation. 200. 

Fic. 9.—Massive cartilage of limb type (a) and laminar cartilage of scleral type (b) developed 
in vitro from suspensions illustrated in Fig. 8. a, X280; 6, 420. 
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the preceding papers, they furnish renewed evidence for the continuity and con- 
sistency that nature displays in its manifestations all the way through the in- 
organic and the living realm. But in affirming this, let us not overlook the important 
fact that the principle of continuity between molecular and living systems works in 
both directions; that is to say, all the units to which we could assign the power for 
higher-order compounding had once been products and parts of living organisms 
and thus had derived their specific properties endowing them for group organization 
from an organized system. Accordingly, the rule I once proposed,*! ‘Omnis organi- 
satio ex organisatione,”’ still holds if it is understood to imply that organization on a 
higher level may emerge from ordered interactions of organized elements. 


* Experimental work referred to in this article was supported by a grant-in-aid from the Ameri- 
can Cancer Society upon recommendation of the Committee on Growth of the National Research 
Council. 
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THE FORMATION OF INFECTIOUS NUCLEOPROTEIN FROM TOBACCO 
MOSAIC VIRUS PROTEIN AND TOBACCO LEAF DNA* 


By TunG-YuE WANG AND BARRY COMMONER 
HENRY SHAW SCHOOL OF BOTANY, WASHINGTON UNIVERSITY, ST. LOUIS, MISSOURI 
Communicated by Viktor Hamburger, August 15, 1956 


It has been observed that artificially reconstituted nucleoprotein formed from 
uninfectious preparations of tobacco mosaic virus (TMV) protein and nucleic acid 
achieves a signicant level of infectivity." * * In earlier experiments" ? the biological 
activity of the reconstituted nucleoprotein was marginal, being only about 1 per 
cent of the infectivity of an equal amount of actual TMV. As a result of improved 
reconstitution methods, it has been possible to produce material with an infectivity 
nearly one-tenth of that of TMV and to isolate from such preparations small 
amounts of nucleoprotein about 45 per cent as infectious as the virus proper.® 

Interpretation of these results is materially affected by the recent observation of 
Schramm‘ that RNA prepared from TMV by a mild method is itself infectious. 
The specific infectivity is of a very low order (less than | per cent) and rapidly dis- 
appears as the nucleic acid preparation is aged. RNA employed in the reconstitu- 
tion experiments cited above was prepared by more drastic methods and intention- 
ally purified with the aim of reducing initial infectivity of the nucleic acid alone to 
zero. Thus RNA appears to be inherently infectious. It loses this capability soon 
after being separated from the virus nucleoprotein but is apparently restored to an 
infectious condition by being recombined with TMV protein. This view suggests 
that, in the intact virus nucleoprotein, RNA maintains an infectious condition in 
part because of the structural restraints imposed by its association with the virus 
protein and that infectivity lost when RNA is freed if protein may, to some degree, 
be restored when such restraints are reimposed by forming an artificially reconsti- 
tuted RNA-protein polymer. Support for this proposition may be derived from 
Franklin’s recent observation® that the RNA in TMV is in a strvietural relation to 
protein which is so intimate that, when the former is absent (as in the virus-like rods 
formed when protein alone is repolymerized), no empty space can be detected in the 
region of the rod normally occupied by RNA. 

A general consequence of this view is the expectation that 17MV protein may 


possibly exert structural effects on the nucleic acid with which it is polymerized 


sufficient to influence the latter’s biological activity. 

The present paper reports some experiments designed to test) this proposal, in 
which an effort has been made to produce biologically active 1ucleoprotein from 
TMV protein, and a type of nucleic acid foreign to the virus, i.e., the DNA ex- 
tracted from tobacco plants. 

MATERIALS AND METHODS 

1. DNA.—Leaves of uninfected Nicotiana tabacum (White Tsurle y) and of plants 
systemically infected with TMV were used as the sources of DN.A.  L eaf-blade tissue 
was homogenized, in the cold, in 0.05 M phosphate buffer, pH 7. Bur‘fer-soluble ma- 
terial was removed by centrifugation, with washing, at 2,500g. The residue of insol- 
uble material was then extracted twice with 10 per cent NaCl at 4° C’. for 18 hours. 
The extracted material was separated by centrifugation at 2,500 g, W hen this solu- 
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tion was diluted with cold distilled water to reduce the NaCl concentration to 0.15 7, 
a fibrous desoxyribonucleoprotein precipitated. This was then purified by three re- 
precipitations. DNA was then prepared from the purified desoxyribonucleoprotein 
according to the method of Crampton, Lipshitz, and Chargaff.6 This preparation 
was redissolved and reprecipitated once more. Aqueous solutions of the purified 
DNA preparations exhibited a high degree of viscosity and an ultraviolet absorption 
spectrum characteristically found in DNA’s (absorption maximum at 260 my, 
minimum at 230 my, maximum /minimum ratio 2.5; see Fig. 1). Paper chromato- 
grams of DNA hydrolyzates showed no perceptible amount of uracil, when thymine 
spots contained about 30-100 ug. of base. 
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Fic. 1.—Ultraviolet absorption spectra of DNA from healthy to- 
bacco leaf (H-DNA), of DNA from TMV-infected tobacco leaf (V- 
DNA), of protein isolated from TMV (7’MV-Prot.), and of the non- 
virus protein B3 (B3-Prot.). 





2. Proteins.—Two kinds of proteins, TMVP and B3, both from infected plants, 
and the protein of TMV have been used in these experiments. TMV protein was 
prepared according to the method of Schramm’ by holding a TMV solution at pH 
10.7 (15° C.) for 3 hours at 4° C. The solution was then dialyzed rapidly against 
cold distilled water with three changes, followed by ultracentrifugation at 40,000 
rpm for 1 hour. The ultracentrifugal supernatant contains the low-molecular-weight 
protein units split from the virus nucleoprotein, RNA, and probably degraded RNA 
products. To remove RNA from the protein preparation, the solution was ad- 
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justed to pI 7 with 0.01 M7 phosphate buffer and passed twice through Ecteola 
columns.* The amount of Ecteola used was ten times the amount of starting virus 
material. 

B3, a noninfectious protein which is serologically related to TMV, occurs in small 
amounts in tobacco plants infected with TMV and is absent from healthy plants.* 
B3 polymerizes easily under storage into a high-molecular-weight protein, B8. To 
obtain the low-molecular-weight B3 protein, stored preparations of B8 were treated 
with alkali by dialysis against 3 liters of pH 10.6, 0.01 W glycine buffer for 2-3 days 
(with one change of buffer). The protein was then dialyzed rapidly against water 
to remove the buffer, followed by ultracentrifugation and Ecteola treatment as in 
the preparation of TMVP. Absorption spectra of TMVP and B3 are shown in 
Figure 1. 

3. Infectivity Tests——Preparations were tested for infectivity by inoculation on 
leaves of Nicotiana glutinosa. Leaves were removed from greenhouse-grown plants 
randomized, and separated into groups of ten. In each experiment one set of leaves 
was inoculated with a standard solution of 0.5 ug/ml of TMV. The other sets were 
inoculated with (a) solutions of the DNA preparations used in the reconstitution 
process, (6) solutions of the protein preparations used in the reconstitution process, 
and (c) solutions of the high-molecular-weight nucleoproteins isolated from the re- 
constitution mixtures (see below). All solutions were in 0.05 M phosphate buffer, 
pH 7. The control solutions (a and 6) were inoculated at concentrations equal to 
the highest concentration used in the accompanying reconstitution processes. 
Lesions were counted 5 days after inoculation. The activity of the experimental 
materials is expressed as specific infectivity, i.e., the percentile relationship of 
lesions per microgram of sample to lesions per microgram of TMV standard. 

RESULTS 

In initial experiments an attempt was made to form DNA nucleoproteins by the 
reconstitution procedure previously developed for use with RNA. This involved 
gradual addition of protein to a dilute solution of DNA (ca. 10-100 ug/ml) in 0.4 
saturated ammonium sulfate. It was found that in contrast with TMV RNA, to- 
bacco leaf DNA fails to form a nucleoprotein complex with either TMV protein or 
B3 under these circumstances. Instead, the protein tends to polymerize by itself, 
and, being insoluble in this concentration of ammonium sulfate, it precipitates out 
of the mixture in the form of needle-shaped pseudo-crystals. Since DNA tends to 
become denatured in such dilute solutions, the procedure was then altered by using 
concentrations an order of magnitude greater than those employed in RNA reconsti- 
tution experiments. 

When protein was added to the more concentrated DNA solutions, it was found 
that they became opalescent without forming an appreciable precipitate and that 
high-molecular-weight nucleoprotein could then be isolated by ultracentrifugation. 
Details of the reconstitution procedures used to produce DN A-bearing nucleopro- 
teins are presented in Table 1. 

Figure 2 shows the absorption spectra of the high-molecular-weight material iso- 
lated from such DNA-protein mixtures. The absorption spectra are characteristic 
of nucleoproteins. From these absorption spectra (and the extinction coefficients 
of tobacco leaf DNA and TMV and B3 protein) we estimate that the nucleoproteins 
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contain 10-15 per cent nucleic acid. These DNA nucleoproteins differ from TMV or 
nucleoprotein reconstituted from TMV protein and RNA in several respects: 
TMV and reconstituted RNA nucleoprotein contain about 5—6 per cent nucleic acid, 
considerably less than the nucleic acid content of the DNA materials. Both 
natural and artificial RNA nucleoproteins are insoluble in 0.4 saturated ammonium 
sulfate; the DNA nucleoproteins are soluble and cannot be sedimented without re- 
course to ultracentrifugation. As can be seen from the electron micrograph shown 





q 
VONA&B3 


6 


HDNA&TMVP 


VDONA&TMVP 


> 
as 
WY 
oa 
Ww 
fa) 
- 
< 
Y 
— 
a. 
oO 


TMV P&RNA 











0 j 1 1 
220 240 260 280 300 
WAVE LENGTH— MILLIMICRONS 
Fic. 2.—Ultraviolet absorption spectra of TMV, nucleoprotein 
reconstituted from TMV protein and TMV RNA (7MVP + 
RNA), and nucleoproteins reconstituted from DNA (from both 
healthy and infected leaf) and TMV protein and protein B38. 


in Figure 3, the DNA nucleoproteins form rods similar to those of TMV and re- 
constituted RNA nucleoprotein. However, there appears to be a higher propor- 
tion of unusually long rods (longer than 0.45 w) in the DNA-bearing material. 
The results of infectivity tests carried out on a series of high-molecular-weight 
DNA nucleoproteins produced by the foregoing procedure are shown in Table 1 
(Expts. 1, 2, and 3). These results show that these DNA _ nucleoproteins 
are consistently and significantly more infectious than the separate starting ma- 
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terials. That the activity of the reconstituted nucleoproteins is not due to infectious 
contaminants (intact TMV or undenatured virus RNA) present in the starting 
materials is evident from the negligible infectivity of the;unmixed controls. Ex- 
periments le and Lf show also that the infectivity of the DNA nucleoproteins cannot 
be due to the formation of infectious reconstituted RNA nucleoprotein. The 
preparations obtained from Experiments le and If represent the high-molecular- 
weight material present in the reconstituted mixture when the solvent contains 0.1 


Fig. 3.—Electron micrograph of a preparation of nucleoprotein re- 
constituted from protein B3, and DNA isolated from healthy tobacco 
leaf. 


saturated ammonium sulfate. RNA-bearing nucleoprotein should be present in 
this fraction. These fractions (le and If) yielded only 3 lesions each, Fractions le 
and Id represent the nucleoproteins isolated when the ultracentrifuge supernate of 
the 0.1 saturated ammonium sulfate solution is brought to 0.4 saturation and later 


dialyzed against water and ultracentrifuged. These fractions, in which DNA nu- 


cleoprotein typically appears, yielded 55 and 49 lesions, respectively. 
Also shown in Table | are the results of experiments using somewhat different re- 
constitution procedures. In Experiment 4, Fe*++* was included in the DNA solu- 
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tion in an effort to determine whether this might influence the affinity of nucleic 
acid and protein. Under this condition the DNA nucleoprotein occurs as an 
amorphous precipitate in 0.1 saturated ammonium sulfate and is significantly infec- 
tious. In Experiments 5 and 6 the nucleoprotein complex was formed by regulation 
of the NaCl concentration of DNA-protein mixtures. Previous studies of native 
DNA nucleoprotein isolated from tobacco leaf showed that DNA and _ protein 
moieties are dissociated in NaCl above | MW and form a complex in 0.14 M NaCl. 
Accordingly, mixtures dissolved in 2.6 17 NaCl were dialyzed against 0.14 7 NaCl 
to permit gradual complex formation. Ammonium sulfate (0.4 saturated) was then 
added and the nucleoprotein isolated by ultracentrifugation. As shown in Table 1, 
in both experiments the product was significantly infectious. 

These results indicate that preparations of DN A-bearing nucleoprotein reconsti- 
tuted by combining DNA from healthy or infected tobacco leaf with either TMV 
protein or protein B3 yield infectivity not present in the starting material. Evi- 
dence already cited shows that this result cannot be ascribed to infectious con- 
taminants present in protein derived from TMV or from DNA extracted from in- 
fected plants. It should also be noted that, in the case of infectious nucleoprotein 
constituted from B3 and the DNA isolated from healthy leaf, neither starting sub- 
stance was derived from originally infectious material. 

Conceivably, the DNA nucleoprotein might be itself uninfectious but capable of 
strongly enhancing the infectivity of a trace of TMV contaminant too low to be other- 
wise detected. That this is not the case is shown by an experiment in which DNA 
nucleoprotein was added to a solution containing 0.5 ug. of TMV per milliliter. 
Such a mixture yielded a lesion count which showed that the infectivity of the added 
TMV was not significantly different from that of the same amount of TMV alone. 

In all preparations the specific infectivity (i.e., the infectivity of the DNA nucleo- 
protein relative to the lesions produced by an equal weight of actual TMV) is quite 
low, being of the order of 0.005-0.100 per cent. For comparison, it should be noted 
that specific infectivities of the order of 1.0-10.0 per cent have been obtained from 
nucleoproteins reconstituted from TMV protein and RNA.* Thus, in contrast with 
the activity of RNA-bearing reconstituted nucleoproteins, preparations produced 
from tobacco leaf DNA and TMV or B3 protein possess a level of infectivity of an 
order of magnitude, or more, lower. 

Table 2 reports the results of experiments designed to show the effects of ribonn- 
clease and desoxyribonuclease on the above reconstitution process. These show 
that nucleoprotein capable of forming lesions can be recovered from a reconstitution 


process carried out in the presence of ribonuclease, in which both the protein and 


the DNA starting material were previously treated with ribonuclease. This is 
evidence that the formation of infectious nucleoprotein is not dependent on the 
presence of intact enzyme-sensitive RNA moieties. On the other hand, when DNA 
from either healthy or TMV-infected leaf is treated with DNAase, the yield of 
nucleoprotein, and of lesions, is reduced 6-10-fold. This is evidence that the 
formation of infectious nucleoprotein depends on the presence of intact DNA. 
The lesions produced by reconstituted DNA-bearing nucleoprotein on leaves of 
N. glutinosa are qualitatively indistinguishable from those produced by either TMV 
itself or nucleoprotein reconstituted from TMV protein and RNA. When such 
lesions are cut out of the leaf, homogenized in buffer, and the resulting extract in- 





838 BIOCHEMISTRY: WANG AND COMMONER Proc. N. A. 5. 


oculated on small plants of NV. tabacum, the plants become infected in a majority of 
the instances. These plants show systemic symptoms (leaf mosaic, deformation of 
leaf margins, breaks in flower pigmentation) that are qualitatively similar to those 
found on ordinary TMV-infected plants. Leaf tissue from plants which have be- 
come systemically infected as a result of inoculation with single lesions produced 
by DNA-bearing reconstituted nucleoprotein has been harvested and virus ex- 
tracted in the usual manner. When this is done, a high-molecular-weight nucleo- 
protein with physical, biological, and chemical properties indistinguishable from 


those of ordinary TMY is obtained. As shown by the analyses reported in Table 3, 


TABLE 2* 
RNAASE AND DNAASE ON THE RECONSTITUTION 


oF DNA-CONTAINING NUCLEOPROTEINS 
NvucLeO 


PROTEIN 


Recoy 


EFFECTS OF 


COMPOSITION 
Protein DNA 
Enzyme 
lreat ERED 
ug ment Mg 


900 RN Aase 0 
Infected leaf S66 ase 0 
Healthy leaf S66 0 


900 
900 
600 


RN Aase 
RN Aase 


None 


Infected leaf 
Healthy leaf 


SOO 
S66 


14 
17 


0.009 
003 


Infected leaf 
Infected leaf 
Healthy leaf 
Healthy leaf 
Infected leaf 
Infected leaf 
Healthy leat 
Healthy leaf 


600 None l 
600 Y 0 
600 0 
600 . Aase | 
600 ' 148 H11 
600 IS 31 
600 265 158 
600 18 28 


225 
167 
129 
167 


None 
None 
None 
None 


600 
600 
600 


600 0 


DN Aase 


3 
B3 


* In these experiments both TMV protein and leaf DNA were incubated with enzyme for 3 hours at 25° C 
Protein and RNA were then reconstituted by method A described in Table 1 The protein control was also carried 
through the reconstitution process before being tested for infectivity he enzyme added to the starting materials 
was present throughout the reconstitution process 

In the first experiment 2,700 wg. of TMV protein in 

1) at pH 7 for ¢ at 24° C. DNA samples 
In the second experiment DNA samples (600 
+r the above conditions 


a total volume of 12 ml. was treated with ribonuclease (3.8 
866 wg. each in 5 ml ly treated with ribonu 
in 6 ml.) were treated with de 1 ug/ml 


hours were similarly 


ug soxyribonuclease 


TABLE 38 


ComposiItTION oF Nucuterc Acip or Virus ISOLATED 
FROM PLANTS INFECTED witH DNA-CONTAINING 
{ECONSTITUTED NUCLEOPROTEIN 


INoc ULUM 
DNA Protein Morar Ratios or Bases 
Source S ree (csuanine Cytosine Uracil 


TMV-infected leaf 
TMV-infected leaf 


TMV-infected leaf 


Healthy leaf 
Healthy leaf 


TM\ 

TMV 
TMV 
TMV 
TMV 
TMV 


O4 
OS 


98 
97 


OS 


05 
03 


99 
00 
Q)2 
O8 


Healthy leaf 


| 
l 
| 
t.i2 
l 
6 l 
Ordinary l 


TMV 09 03 
this virus contains RNA not materially different from the RNA of ordinary TMV in 
base composition. These results show that the nucleoproteins reconstituted from 
DNA are not ‘‘self-duplicating”’; 
ordinary TMV with respect to both RNA content and biological properties. 
glutinosa 


the virus produced after one transfer appears to be 


Nevertheless, there is evidence that the inztzal infection set off when N. 
leaves are inoculated with DNA-bearing reconstituted nucleoprotein is different 
from infection processes induced by ordinary TMV or by RNA-bearing reconsti- 
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tuted nucleoprotein. This can be seen from a quantitative evaluation of the infec- 
tious progeny produced in each lesion. When single lesions produced by ordinary 
TMV are cut out of the leaf, homogenized in buffer, and inoculated onto half-leaves 
of NV. glutinosa, an average of 10-100 new lesions are produced from each such in- 
oculum. The actual number will, of course, vary with the sensitivity of the leaf 
and to some extent with the condition of the tissue from which the initial lesion was 
cut. Nevertheless, it is found that when two lesions formed on the same leaf by 
TMV are cut out and inoculated on opposite halves of a second N. glutinosa leaf, the 
number of new lesions produced on the two leaf halves do not differ by more than 50 
per cent, with the mean difference being about 20 per cent. When similar com- 
parisons are made by inoculating, on opposite leaf halves, extracts of single lesions 
due to TMV and to RNA-bearing reconstituted nucleoproteins, it is found that the 
latter produce only about one-third the number of lesions produced by the lesions 
due to TMV. In contrast, Table 4 shows that when lesions due to DNA-bearing 
reconstituted nucleoprotein are compared with lesions due to TMV, it is found that 
the former produce considerably more lesions than ordinary virus-induced lesions. 
This shows that, with respect to the content of infectious particles found in the 
primary lesion, DNA-bearing reconstituted nucleoprotein differs markedly both 
from ordinary TMV and from nucleoprotein reconstituted from TMV protein and 
RNA. This fact provides further evidence that the infectivity which we find in re- 
constituted nucleoprotein formed from DNA is not due to contamination either 
with intact TMV or with RNA which becomes infectious by forming a nucleopro- 
tein. 
TABLE 4 
PROPAGATION OF RECONSTITUTED NUCLEOPROTEIN 
ConTAINING DNA anp TMV ProveIn 
ProGENY Ratio: Lesions PER SAMPLE 
COMPOSITION Lesion/LEsions PER TMV Lesion 


Protein First Second Third 
SAMPLE DNA Source Source Generation Generation Generation 


| Healthy leaf TMV 9.9 0.5 0.9 
Healthy leaf TMV $9 0: 0.9 
Healthy leaf TMV 1.4 0 0.9 
Healthy leaf TMV 2.6 l 
Healthy leaf TMV 5.6 0 
TMV-infected leaf TMV 3.2 0 
TMV-infected leaf TMV 1.3 0 


ng 


~ 
oy 


NOOre wd 
ND ee 


When the secondary lesions produced by transfer of the original lesions are again 
reinoculated on leaves of N. glutinosa, the yield of progeny becomes approxi- 
mately equivalent to that of the TMV standard. Transfer to a third generation 
gives the same result (Table 4). From this it may be concluded that DNA-bearing 
reconstituted nucleoprotein produces a primary infection which is different from 
that due to TMV or to RNA-bearing reconstituted nucleoprotein in yielding con- 
siderably more infectious particles. However, the infectious particles produced 
during this primary infection process are ordinary TMV. This is evident from the 
fact that, on being tested in a second and third generation, these particles produce 
progeny counts no different from TMV. Thus it is to be expected that tobacco 
plants infected with lesions produced by DNA-bearing nucleoprotein will be identi- 
cal with ordinary infected plants both with respect to symptoms and with respect 
to their content of ordinary RNA-bearing TMV. 
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The foregoing results show that TMV or B3 protein may form polymers which con- 
tain tobacco leaf DNA. These possess, at least in part, the biological activity of 
TMV\, albeit at a very low level. In keeping with earlier observations which show 
that the configuration of the polymer is a function of the protein alone, the DNA- 
bearing reconstituted nucleoproteins are quite similar in shape to the rods found in 
preparations of TMV, of nucleic acid-free polymerized TMV protein or B3 protein, 
or of nucleoprotein reconstituted from TMV protein and RNA. However, the 
DNA nucleoproteins contain about twice as much nucleic acid as do the RNA 
nucleoproteins. Polymerized virus protein which does not contain nucleic acid 
appears to be wholly lacking in infectivity. DNA prepared either from healthy 
tobacco leaf or from TMYV-infected tobacco leaf appears to be equally inactive. 
Nevertheless, the incorporation of inactive DNA into inactive protein leads to the 
appearance of infectivity which yields, as its ultimate product, ordinary TMV. 
These considerations lead to the empirical conclusion that infectivity can be ac- 
quired by the union of DNA with virus protein. The level of infectivity is of a very 
low order and is nearly marginal with respect to the sensitivity of the lesion assay 
method. Hence the foregoing conclusion is subject to the serious qualification that 
the observed biological effect probably occurs in only a small proportion, perhaps 1 
in 10,000, of the reconstituted nucleoprotein particles. 

This conclusion is, on the basis of the present data, subject to at least two alterna- 
tive interpretations: 

1. In every case, the reconstituted nucleoproteins which we have studied are 
derived from at least one starting substance which was originally obtained from 
TMV-infected plants. This being so, one must consider the possibility that ex- 
tremely small amounts of virus RNA are present in the reaction mixtures in which 
the DNA-protein complexes are formed. The infectivity levels involved in the 
phenomenon are so low that no known chemical method is sufficiently sensitive to 
rule out the presence of very small amounts of rather active material, such as virus 
RNA. Our data demonstrate that such RNA, if present, is not itself capable of form- 
ing lesions or, in the absence of DNA, of forming infectious RNA nucleoprotein. 
Also, the experiment described in Table 2 indicates that such RNA entities, if pres- 
ent, appear to resist degradation by ribonuclease. Nevertheless, it is possible that 
some RNA particles may resist enzymatic attack and become inclosed in the DNA 
nucleoprotein formed in the reconstitution process. Conceivably such RNA 
moieties, while uninfectious by themselves and not alone capable of forming infectious 


nucleoprotein, achieve an infectious status when incorporated into a DNA nucleo- 


protein. In this case, the actual generative agent present in the reconstituted DNA 
nucleoprotein and responsible for its infectious activity would be of virus RNA origin 
rather than the DNA itself. 

2. Alternatively, the foregoing results may be viewed as evidence that the in- 
fectivity of the DNA nucleoproteins is due to an inherent property of the DNA 
itself. This would mean that DNA incorporated into TMV protein polymers may 
sometimes acquire from the latter the biological specificity of the virus. This pro- 
posal, if established, would indicate that the protein component of TMV is capable 
of exerting some degree of specific influence on the biological character of the virus. 
This kind of effect might be responsible for the apparent recovery of infectivity 
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when inactive, denatured, virus RNA is incorporated into a reconstituted nucleo- 
protein. 

It should be emphasized that the present data do not, in our opinion, permit a 
choice between the foregoing alternative explanations. The possibility that small 
amounts of otherwise inactive virus RNA components may, when incorporated into 
DNA-bearing nucleoproteins, render the polymer infectious is subject to experi- 
mental verification. The same is true of the alternative proposal that TMV protein 
may induce some biological activity in an indifferent nucleic acid incorporated into 
a reconstituted nucleoprotein. It is hoped that such investigations will permit an 
unequivocal explanation of the results just described. 

We wish to thank Mrs. Katherine Baker, Mrs. Ellen E. Richman, and Mrs. 
Georgia B. Shearer for assistance in carrying out these experiments. 
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REVERSAL OF THE LIGHT INHIBITION OF PEA STEM GROWTH 
BY THE GIBBERELLINS* 


By JAmes A. LOCKHART 
DIVISION OF BIOLOGY, CALIFORNIA INSTITUTE OF TECHNOLOGY, PASADENA, CALIFORNIA 
Communicated by James Bonner, August 19, 1956 


Gibberellin A (isolated by Yabuta and Hayashi') and gibberellic acid (isolated by 
Cross”) represent a group of compounds which are rapidly coming to be recognized 
as of major importance in the physiology of higher plants. Phinney* has shown 
that the application of gibberellins will restore single-gene dwarf mutants of Maize 
to the normal phenotype, extending the results of Brian and Hemming,‘ who found 
that the application of gibberellic acid to dwarf varieties of Pisum resulted in 
growth rates equivalent to that of normal varieties. Lang® has shown that gibberellin 
will replace the vernalization requirement of biennial Hyoscyamus niger and, at 
higher doses, will replace the long-day requirement for flowering in this plant as 
well. Thus the gibberellins are active in promoting a response to at least two sepa- 
rate physiological phenomena which have, in the past, been inaccessible to chemical 
regulation. 

Among other physiological responses which we are as yet unable to explain or 
reproduce experimentally are many of the responses of plants to light. Numerous 
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morphogenetic and growth responses in the plant are controlled by light, but the 
mechanisms of most of these responses are little understood. One of the striking 
effects of light on plant growth is the inhibition of stem elongation. The inhibition 
of stem growth in peas has been intensively studied, particularly in the case of 
dwarf varieties.6.7 It has been shown that radiation of approximately 650 my 
wave length is most effective, although radiation of any wave length throughout the 
visible spectrum is active to some extent in the inhibition of stem elongation.® * 

The gibberellins have been shown to stimulate plant growth principally through 
their effect on cell elongation.* '! Their activity is distinct from that of auxin, 
which also is effective in stimulating plant cell elongation.’ '* 

Since light inhibits stem elongation and this inhibition cannot be reversed by 
auxins, the gibberellins, which also appear to promote stem elongation, were ex- 
amined for their effect on the elongation of pea stems in light. 


MATERIALS AND METHODS 


Alaska pea seed (Ferry-Morse Seed Company, Los Angeles), a nondwarfed variety 
of Pisum sativum, were washed, soaked for 6-8 hours, and planted in moist vermicu- 
lite in stainless-steel trays. They were grown at 25° C. in complete darkness, except 
for brief exposures to weak blue or green light during watering and experimental 
manipulations. A standard light inhibition of growth was provided by passing the 
light from a 100-watt Mazda bulb through an orange glass filter (Corning No. 348). 
The plants were placed 50-60 cm. below the light. At the time of the experiment the 
plants usually were pulled gently from the vermiculite and transferred to small glass 
bottles containing tap water. The growth of the plants in the bottles appeared 
completely normal for at least 4 days. 

The elongation of the second internode of the Alaska pea seedling is particularly 
sensitive to inhibition by light;® therefore, the experiments described here were 
concerned especially with the elongation of this region. 

The gibberellins used in these experiments consisted of mixtures of gibberellin A 
and gibberellic acid.'* For application to intact seedings, the mixture was dissolved 


in 95 per cent ethanol and applied with a syringe and hypodermic needle. A No. 27 


needle was found to present alcoholic drops of a volume of 0.004 ml. The concentra- 
tions of gibbere!lin usually used (100-250 ug/ml) thus provided a dose of 0.4—-1.0 ug. 
per plant. Ten to 20 plants were used per treatment, and each experiment was re- 
peated at least once. 


EXPERIMENTAL 


The Reversal of Light Inhibition of Stem Elongation.—Five-day-old dark-grown 
Alaska pea seedings with the second internode just beginning to elongate were 
treated with 0.4 ug. of gibberellin per plant. One-half of these treated plants were 
placed under light (orange filtered, as described above), and the rest remained in 
darkness. An equal number of untreated plants were placed in light and darkness. 
The average length of each internode of each of the four groups of plants was de- 
termined 2 and 4 days later. The results are presented in Figure 1. The plants 
which were placed in light are indicated by the light shaded bars, and those which 
remained in darkness by the darker shading. The breaks in the bars delineate the 


nodes. 
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It may be seen that the light treatment resulted in a marked inhibition of growth, 
and this inhibition is completely reversed by the gibberellin treatment. The 
treated plants, whether grown in light or in darkness, are almost identical in height, 
and the dark-grown controls are only slightly shorter. The gibberellin treatment, 
then, completely counteracts the light inhibition of stem elongation. In the 
numerous experiments which have been run, the gibberellin-treated plants in light 


and darkness grow to almost identi- 
cal heights. ‘The untreated, dark- ALASKA PEA SEEDLINGS ~5-19-5 


grown plants show a greater varia- 
tion in growth rate. Rates of elon- 
gation equal to those of the treated 
plants are observed, but often the 
growth is slightly less. The response 
of the dark-grown plants suggests 
that the level of “natural gibberellin 
activity” in the normal plants may 
sometimes limit the rate of growth 
in darkness as well as in light. 
Another observation which may 
be made as a result of the findings 
described in this experiment is on 
the rate of node formation. The 
light-grown plants have formed 
more nodes than those plants grown 
in darkness, regardless of the rate of - 6 6 as 6 te 
growth in height. This would indi- 


‘ ; to Tw AY F 
cate that, while the light inhibition rcsng veeraailnsasteie 


3 P Fic. 1.—Growth of dark-grown Alaska pea seed- 
of stem elongation may be reversed lings 2 and 4 days following treatment with gibber- 
by the gibberellin, these compounds — ¢llin (0.4 #g/plant) in red light (light shading) or 
: : , darkness (heavy shading). Plants were 5 days old 
have no effect on the light control of at the time of treatment. 
node formation. It has, in fact, 
previously been impossible to separate the specific influence of light on node for- 
mation from the effect on the rate of stem elongation. 

The expansion of leaves also is known to be promoted by red light. In the ex- 
periments reported here, this phenomenon was confirmed, and it was found that the 
gibberellin treatment had no effect on the light-controlled expansion of leaves. 

There are in this experiment three separate processes which are regulated by 
light. Gibberellin is shown completely to reverse one of these effects, namely, that 
on stem elongation, but to be without effect on the other two. It is clear, then, 
that the gibberellin is not active in this case in a reversal of the photochemical 
reaction but rather exerts its effect more or less directly on the stem-elongation 
process. The applied gibberellin, in effect, counteracts or circumvents the control 
mechanism through which light normally exerts its effect on stem growth. 

A Comparison of the Effects of Gibberellin and Indoleacetic Acid (IAA) on Light 
Inhibition of Stem Elongation.—Since auxin is known to affect and presumably to 
control cell elongation in plants, it has been presumed in the past that auxin must be 
responsible for the effects of light on stem growth. Auxin has, in fact, been shown 
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to reverse the light inhibition of the growth of pea stem sections.'* It has, how- 
ever, been impossible to reverse the light inhibition of the growth of intact seedlings 
by applied auxin. It was considered desirable, nevertheless, to repeat the experi- 
ments in which auxin was applied to light-inhibited seedlings and to compare the 
effects directly with the response to gibberellin. The results of such an experiment 
are illustrated in Figure 2. Single alcoholic drops of solutions of the two compounds, 


at the concentrations indicated, were applied to dark-grown plants, and the 
seedlings were then placed in light or kept in darkness. The measurements were 
made 2 days after treatment. The same convention for indicating light- or dark- 
grown plants used in Figure | is used here. 


ALASKA PEA SEEDLINGS -2 DAYS — 6-28-56 


| 10100 §=19 100500 1 10100 10100 500 
C EtOH IAA Go C EtOH IAA Go 
(y/ML) (y/ML) (y/ML) (y/ML) 


k'ig. 2.—Growth of dark-grown Alaska pea seedlings 2 days after 
treatment with gibberellin or indoleacetic acid (0.01-ml. alcoholic 
drops). Plants were 5 days old at the time of treatment and trans- 
fer to red light (light shading). Heavy shading indicates plants 
which remained in darkness. C indicates the controls, while EtOH 
indicates plants treated with equivalent alcoholic drops. 


200 — 


On the light-grown plants the IAA has no significant effect, except a possible 
inhibition of growth at the highest concentration. On the dark-grown plants the 
IAA appears inhibitory at all concentrations. In all cases of inhibition by IAA the 
growth of the stem was abnormal; swelling of the growing region was observed 
approximately proportional to the auxin concentration. The gibberellin reversed 
the light inhibition, as previously described. The full effectiveness of the 10 ug/ml 
concentration of gibberellin (0.04 ug/plant) indicates that the usual concentrations 
used (0.4-1.0 wg/plant) are optimal for this response. Controls to which an al- 
coholic drop was applied (EtOH) indicate that the alcohol alone had no effect. 

The Effect of the Gibberellins on Light- and Dark-grown Dwarf Peas.—Six-day-old 
dark-grown dwarf pea seedlings (Morse’s Progress No. 9, Ferry-Morse Seed Com- 
pany) growing in plastic racks were selected for uniformity and treated with 0.01- 
ml. aleoholic drops of gibberellin at the concentrations indicated. Half the plants 
were then returned to darkness, while the other half were placed under the orange 
light. The length of each internode was measured 4 days later, and the average 
length of each internode for each treatment is illustrated in Figure 3. The results 
indicate that both the light-grown and the dark-grown plants respond to the gibberel- 
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lin treatments, and, further, at the higher concentrations the growth in light and 
darkness approach an identical maximum rate. Experiments with higher concen- 
trations of gibberellin (1.0, 2.0, 4.0 uwg/plant) have confirmed that a maximum 
stimulation is obtained with 1.0 ug. gibberellin per plant, and the growth in light 
and that in darkness are equal at higher concentrations. 

These results are consistent with the hypothesis that the growth rate of dwarf 
plants is limited by the availability of a physiological equivalent of the gibberellins, 
but they are not devoid of “gibberellin” activity—indicated by the fact that the 
growth rate of dwarfs is reduced in light 
compared to darkness, and this light in- MORSE’S PROGRESS 9 
hibition is reversed by application of _ 4 DAYS GROWTH 5-16-56 
gibberellins. That is, the dark-grown 
dwarfs must still contain an active “gib- 
berellin’”’ factor, since their growth is 
further repressed by light, a repression [ 
which is reversed by the gibberellins. 


DISCUSSION 


The results presented here demon- 
strate that some factor in the plant, 


which may be replaced by gibberellin, 

controls the relative rate of stem elonga- 

tion in light and darkness. In the non- 

dwarf Alaska peas the gibberellin factor 

is normally present at optimal amounts 

in darkness, allowing maximum growth 

within the limits of some other unknown itt Hit noe omar a 

limiting factor. This unknown factor C oe ae 

may be seen to be independent of light, (y/PLANT) (y/ PLANT) 

since the maximum growth rate with Fie. &—thewtl of Ghee ee 

added gibberellin is identical in light and Progress No. 9 dwarf pea seedlings 4 days after 

in darkness. In the dwarf pea variety treatment with gibberellin at the doses indi- 
rey cated. Plants were 6 days old at the time of 

used here, the same type of limiting treatment. Heavy shading indicates growth 

factor seems to be operating, since here, ay ame light shading indicates growth in 

too, when gibberellin is not limiting, the 

rate of growth is independent of light. 

The inhibition of stem elongation by light might take place as a result of the 
operation of several alternative mechanisms: (1) light may inactivate, temporarily 
or permanently, the natural gibberellin factor; (2) light may render the elongating 
cells incapable of responding to physiological amounts of the natural gibberellin fac- 
tor; or (3) light may interfere with the movement of the natural gibberellin factor 
from the area of production to the region of elongation. The application of gibberel- 
lin, then, would either replace the natural gibberellin, or it would flood the control 
mechanism, in either case restoring the growth rate to that of the nonlimiting con- 
dition. It is already known that light, to be effective, must fall on the region of the 
stem which is in the process of elongation,” '* ruling out certain alternative ex- 
planations. 
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The phenomenon of compensatory growth, described by Went® for a dwarf pea 
seedling, would seem to provide some evidence for the mechanism of the light 
inhibition of stem growth. Went observed that if the seedlings were given a single, 
rather brief exposure to light, their subsequent height was almost unaffected, al- 
though comparison of the lengths of the various nodes clearly showed that the 
nodes which were elongating at the time of the light treatment were considerably 
shortened, while subsequent nodes were longer than the controls. This demon- 
strates a compensating increase in growth rate after the light exposure, resulting in 
a recovery of the maximum height. Experiments by the author have shown that 
the Little Marvel dwarf pea (the variety used by Went) will respond fully to the 
application of gibberellin; thus the rate of growth of these seedlings is indeed limited 
by the gibberellin factor. Therefore, the rate of growth of these plants is limited, 
even in darkness, by the gibberellin; if the light were indeed destroying the natural 
gibberellin factor, the rate of growth on return to darkness could hardly be greater 
than that of the dark-grown plants. However, if the light were affecting the capac- 
ity of the cells to respond to the available gibberellin factor or were only tempo- 
rarily interfering with the action of the gibberellin, then on return to darkness an 
excess of the gibberellin factor would be available and an increase of growth over 
the dark-grown controls would be expected, as is observed. 

It is conceivable that the gibberellin factor does not move at all but rather is 
synthesized in the new cells as they are laid down, and exerts its function without 


moving to other cells. There is, however, considerable evidence against this hy- 
pothesis. First, the applied gibberellin is fully effective if applied to a leaf or a lower 
portion of the stem,* © indicating that it must be translocated, at least in these 


cases. Also, in the case of compensatory growth, it seems clear that the natural 
gibberellin factor accumulates when growth is inhibited by light and is effective 
further up the stem at a later time, strongly suggesting a translocation (upward) of 
the natural gibberellin factor in this case also. There is, then, evidence indicating 
that both applied gibberellin and the natural gibberellin factor may be trans- 
located within the plant. Whether it normally does so is at present unknown, al- 
though results by the author'® provide evidence that the natural gibberellin factor is 
produced in the tip of the stem and translocated downward, in much the same 
manner as auxin. If the tip of a dark-grown Alaska pea seedling is removed, elonga- 
tion of the growing region soon ceases. This growth may be restored by application 
of gibberellin but not of auxin. 

The stem elongation of tomato (Lycopersicum) has been reported to occur almost 
completely during the dark portion of the daily light-dark cycle." It is interesting 
to speculate whether this inhibition of stem elongation by light represents the same 
mechanism as is reported here and whether it, too, may be reversed by gibberellin. 

The light which causes the inhibition of stem elongation also is responsible for 
stimulating leaf expansion and increasing the rate of node formation. The action 
spectra for the promotion of leaf-expansion and stem-growth inhibition have been 
worked out in great detail,’ while the effects on node formation have been observed 
but not studied. The action spectra for these phenomena are consistent with the 
idea that they are all controlled by the same photochemical reaction, the red and 
far-red reaction first demonstrated by Borthwick et al.'* This idea is strongly sup- 
ported by the report of Downs!’ that leaf expansion and stem elongation in Phaseo- 
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lus vulgaris are promoted by red light, and this red-light effect may be reversed by 
irradiation with far-red. Assuming that this is in fact the case, it is clear at once that 
the gibberellin is not affecting the light reaction, since it does not reverse the promo- 
tion of leaf expansion; rather, the gibberellin is affecting some subsequent reaction 
in the chain between the photochemical reaction and the process of stem cell elonga- 
tion. The photochemical reaction, then, must, directly or indirectly, control several 
independent processes—i.e., stem elongation, leaf expansion, and node formation. 
Stem elongation and leaf expansion are related only through being controlled by the 
same environmental stimulus and presumably through the same photochemical re- 
ceptor. The same lack of direct relationship holds true for stem elongation and 
node formation, even though here it would have been most tempting in the past to 
suggest some physical-chemical relationship between these two phenomena. It is 
clear as a result of the experiments reported here that the rate of stem elongation and 
the rate of node formation (expressed per unit time or unit height) are completely 
independent so far as mechanisms of control are concerned. 


SUMMARY 


Alaska pea seedlings grown in complete darkness show little or no response to ap- 
plied gibberellin; but when seedlings whose growth is inhibited by red light are 
treated with gibberellin, the growth rate is restored to that in darkness. When 
dwarf peas are treated with gibberellin, their growth rate is increased even in 
darkness, but the growth of the dwarfs in light and that in darkness are also equal 
when treated with gibberellin. The rate of node formation is shown to be controlled 
directly by light. Both this process and the expansion of the leaves, which is 


also controlled by light, are unaffected by gibberellin treatment, in both dwarf and 


normal peas. 


The author wishes to thank Professors James Bonner and F. W. Went for their 
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THE CONTINUOUS SUBMERGED CULTIVATION OF 
PLANT TISSUE AS SINGLE CELLS 
By Lovuts G. NIcKELL 


PHYTOCHEMISTRY LABORATORY, BLOCHEMICAL RESEARCH AND DEVELOPMENT DEPARTMENT, 
CHAS, PFIZER AND COMPANY, INC., BROOKLYN, NEW YORK 


Communicated by Edmund W. Sinnott, September 10, 1956 


In the concept of tissue culture as introduced by Haberlandt at the turn of the 


century,' the original aim was cultivation of single cells. The achievement of this 


goal in the plant field has taken many decades. The progress in this direction and 
the important milestones passed were effectively described by White in his 1941 re- 
view.” 

One of the projects in this laboratory is the development of efficient techniques for 
the culture of plant tissues to investigate certain biochemical processes and to study 
the production of various plant products and their potential usefulness in research 
and for commercial purposes. Since one of the most promising methods for answer- 
ing problems of this type is the use of cells derived from multicellular plants growing 
under controlled conditions as individual cells,* the establishment of viable single- 
cell clones was one of the objectives. 

Gautheret,* Reinert,> Nobecourt,® and other investigators have observed the dis- 
solution of various tissue cultures into cell groups and sometimes into separate cells. 
We have gone further than this and have been successful in making a continuous 
subculture for the last four years of a clone of single pole bean (Phaseolus vulgaris) 
cells in liquid medium under submerged conditions. 

This clone was isolated in our laboratory from the hypocotyl! of pole bean in 1951 
and maintained on a modification of White’s medium with the addition of coconut 
milk (18 per cent by volume) and 2,4-dichlorophenoxyacetic acid (0.6 ppm). This 
is the same clone listed in Gautheret’s “Catalogue of Plant Tissue Cultures.’ The 
catalogue is a compilation as of 1954 of the plant cultures reported from the various 
laboratories throughout the world. After several subcultures on solid medium, 
transfers of tissue masses were made to the same medium without agar. Erlenmeyer 
flasks of 300-ml. capacity to which 50 ml. of the medium had been added and 
sterilized by autoclaving were used. Agitation wasaccomplished by several methods: 
reciprocal shaking, unidirectional rotary shaking, propeller stirring, and alternating 
rotary shaking with baffles. All these methods gave satisfactory results. Most of 
the work reported here was carried out using rotary shaking at 230 r.p.m. 

Within several days after placing the pole bean tissue under these submerged 
conditions, many single cells were noticed in the medium upon microscopical ex- 
amination. These cells were not sloughed off from tissue clumps, incapable of further 
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divisions. Repeated examinations over several days showed an increase in the pro- 
portion of single cells until very few clumps of cells could be found. Subcultures 
were then made with a pipette, as with bacterial suspensions, to flasks with fresh 
medium, and the submerged growth conditions were maintained. The cells con- 
tinued to grow, divide, and retain their individual state. Subcultures have been 
made at monthly intervals 
for the last 48 months. 

Growth measurements 
have been obtained by de- 
termining the volume of 
cells in an aliquot of the 
medium immediately after 
inoculation with the cell 
suspension and comparing 
with that obtained at the 
end of the culture period 
prior to the next subcul- 
ture. For example, in one 
subculture an aliquot of 5 
ml. of medium was re- 
moved after inoculation, 
centrifuged at 1500 r.p.m. 
for 5 minutes, and the vol- 
ume of cells measured. 
This amounted to 0.1 ml. 
After a month under the 
submerged growth condi- 
tions, a similar aliquot was 
removed and the volume of 
cells determined. This 
was found to be 1.5 ml., 
thus representing a 15-fold 
increase in cell volume over 
the subculture period. 


Fig. 1.—-Typical spherical cell of pole bean grown under 
Growth curves can be | submerged conditions. 


obtained in this manner 
by removing aliquots at varying intervals after inoculation. 

The cells are primarily of three shapes: (a) spherical, varying in size, (b) slipper- 
shaped, with a length of 30-60 u and a width of 10-20 yu, and (c) gourd-shaped, with 
one neck or two necks measuring up to 95 u in length and up to 40 » in width, al- 
though some larger elongate forms were found. A great majority of the cells are of 
the spherical shape, from 12 to 40 uw in diameter. Figure 1 shows one of these cells, 
with the nucleus suspended by cytoplasmic strands. 

If a loopful of the single-cell suspension is returned to a solid medium, further 
growth is represented by a multicellular tissue mass. This mass can be made to 
revert to the single-cell state by the method described, thus representing a reversible 
process which can be controlled. 
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Summary.—A method for the production of clones of plant material which can be 
maintained as single cells under controlled, aseptic conditions is described. The 


technique has been specifically discussed using pole bean cells as the example. This 
opens possibilities for experimental work with cells of higher plants under conditions 
which will permit manipulation such as has been possible heretofore with micro- 


organisms and animal cells. 
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ON THE UNIQUENESS OF IDEAL GAS FLOWS WITH 
A STRAIGHT STREAMLINE 


By Barry BERNSTEIN 
APPLIED MATHEMATICS BRANCH, NAVAL RESEARCH LABORATORY, WASHINGTON, D.C. 
Communicated by T. Y. Thomas, August 1, 1956 


The problem of determining the number of dynamically distinct flows which 
have the same streamline pattern has been studied in recent years. In 1947, 
Gilbarg! treated steady plane incompressible flows of nonviscous fluids and showed 
that “all such geometrically identical flows have strictly proportional velocity 
vector fields (and are therefore the same dynamically) except for those flows having 
constant velocity on streamlines.” In the same year Munk and Prim? gave a 
continuous group of transformations which preserve the streamlines, the local 
Mach number, and pressure of a steady plane adiabatic flow of an ideal gas. Hence- 
forth the word “flow” will mean one of this type. The equations governing a flow 
can be written 


Palla a Placa _ 0, 
Pia + PUaglg = DO, 
Na stallg ~ YPUee = 0, 


where p is the pressure, p is the density, u; and w are the components of velocity 
in the x', x? Cartesian co-ordinate system, and y > | is the ratio of the specific 
heats.* In addition to these notations, we shall write v for the stream speed, 
c for the speed of sound, and m for the local Mach number, remembering that 
vy? = uu, and m = v/c. 

Given any flow (u,, p, p), any nonzero constant a, and any nonzero quantity g 
such that q..%, = 0, it can be shown that the quantities a,, p, 6 defined by 


a, = qu, Bp = agqp, p = ap (4) 
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will also constitute a flow. The transformations defined by equations (4) de- 
compose the set of all possible flows into equivalence classes, two flows being 
called equivalent if there exists a transformation of the type (4) which transforms 


one into the other. 

We now show that a necessary and sufficient condition for two flows to be equiva- 
lent is that they have the same streamline pattern and local Mach number. We 
already have necessity. To show sufficiency, we write down the Bernoulli equation, 


Pe HB, Aa =O (5) 
(y — l)p 2 
and note that every equivalence class contains a flow for which H = 1. (This 
flow may be obtained from any flow of the class by taking g = H.) 
Let u,, 6, band u,, p, p be two flows with the same streamline pattern and local 
Mach number. According to the last paragraph above, we may assume without 
loss of generality that H = 1. From the Bernoulli equation we get, remembering 


that c? = yp/p, 


* . 
Since m = m, we have c = é and hence v = 3. Since the streamline patterns are 
the same, we have a, = f(x’, x?)u,. But 
= Uitte = fugtg = fv. (8) 


ana aa 


Hence f = +1. Also from 


we have 
p = a(x', x*)p, 
But from equation (2) we have 
0 = pat Bligtigg = Aap + alpa + pla gtg| = agp. (11) 
Hence a is a constant, and the theorem is proved. 
The question of how many Mach-number fields correspond to a given streamline 


pattern was attacked by Ericksen‘ in 1953. First, he showed that the system (1), 
(2), (3) is equivalent to 
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dG G+! . : 
= ly -DG+7+4+ 1K, (12) 
do G 


dG = —G(G + 1) | 


IK >\ dK % 
G (' = +4 1kR) -—+ (y+ DKK |) (13) 
dn K 


do dn 

where G = m? — 1, K and K are, respectively, the curvatures of the streamlines 
and normal trajectories to the streamlines, and d/do and d/dn denote directional 
differentiation with respect to are length along the streamlines and their normal 
trajectories, respectively. Using equations (12) and (13), he then established that 
in a region in which K ~ 0 there are at most three Mach-number fields correspond- 
ing to a given streamline pattern, except in the case of a source-sink flow. The 
integrability condition for the system is 


(+ OG 4+ 0.42 + 634 = 0, (14) 


where 


dK na 
a+ [5 - @y + 3)KR], 
an 


dn do 


d (| | 4 dK 3(27 + 1) (a 4 KR); 
dao \K dn ihe bis do \ ‘ 


d {1 dk dk = 
— — (y-1 — y(2y7y — 1I)KA. 
do (> da ) ‘ do Loni ; 


dK dK ; = 
(y+ 1)]2 — 3 — 3(27 + 1)KA |, 


It will henceforth be assumed that K =~ 0. 

We shall now prove the theorem that 7f, in a given flow pattern a portion L of a 
streamline is straight, then either dK/dn = 0 at every point of L, or there is at most 
one Mach-number field corresponding to the pattern. The flow will be assumed to 
occur in a regular region,® on the boundary of which all quantities and derivatives 
appearing in equations (12)—(18) will be considered continuous. Thus our theorem 
will hold even should ZL form part of the boundary. 

We first prove the lemma that on L either dK/dn = 0 at every point or dK/dn = 0 
at no point. To see this, we note that on L 


|< ( e) 4 | G24 Uy 41 dK G4+v4tD dK 0 (19 
— ¥” “ T = VU. J) 
do \K dn * dn 7 dn id dn 


Now, from equation (12) we see that G = 0 would require K = 0, a possibility which 
we have excluded. For any given flow, G(o) # 0 and K(c) # 0 are known on L. 
Thus equation (19) shows that dK /dn will be the solution of a linear homogeneous 
ordinary first-order differential equation on Z, and such solutions are either never 
zero or identically zero. 

We next prove a second lemma: For a given streamline pattern, if G = a and 
G = B give distinct Mach-number fields, then a # 8B anywhere. 

Let P and Q be any two points in the closure of the regular region in which the 
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flow is assumed to occur, and let s denote arc length along a regular curve joining 
PandQ. Then there exist continuous functions f(s) and g(s) such that 
dG dG dG 
= f “+ . 


q 
ds “do dn 


(20) 


If we substitute into equation (20) the right-hand sides of equations (12) and (13), 
we obtain an ordinary first-order differential equation for G as a function of s 
along this curve, the streamlines being assumed known. An application of the 
standard uniqueness theorems of ordinary differential equations shows that if 
a = Bat P, then a = Bat Q. 

To prove the theorem, assume that dK /dn is not zero at every point of L. Then, 
by the first lemma, dK /dn is zero at no point of L. Assume a # 6 as in the second 
lemma. Since C; = 0 on L, equation (14) yields 


Coa? + Cha + C% 0, 

C67 + C18 + Cy = 0, 
on L. Multiplying equation (21) by 8?, equation (22) by a?, and subtracting gives 

[(C\aB + Co(a + B)I|[B — a] = 0. (23) 

Since, however, 8 — a + 0, we have 

CiaB + Cola + B) = 0. (24) 
But on L 
IK 


tf 
Cy = —2(7 + 1) , 
dn 


Hence, if dK/dn + 0, 
2a8 + (a + B) = 
on L. Hence 
a(28 + 1) = —8. (27) 
Thus 28 + 1 = O implies 8 = 0, which is a self-contradiction. Hence 26 + 1 ¥ 0, 
and we have 
= 28) 
28 + 1 a 
on L. Now equation (12) yields 
da _ (a + 1)[(y¥ —- Dat+ (y+ 1)K} 
da a 
Differentiation of equation (27) yields 


da —dB/da 


do (28+1)? 


Using equations (28) and (30) in equation (29), we have 





ENGINEERING: BARRY BERNSTEIN Proc. N. 


—dB/do — K (64+ )D[(7 —-)B+74+1] 
(6+ 1)2 2641 —B 
on L. But equation (12) also yields 


dB (B+))[(y-)DB+V74+ DIK 


do B 
When we eliminate d8 do between equations (31) and (32), we obtain 


B(b + 1) = 0. 


Now 8 = 0 has been excluded by the remark following equation (19), and 8 —| 
would yield a = —1 by equation (28). Thus our theorem is proved. 


The restriction to regular regions may be weakened. For example, a region 
whose intersection with the interior of any circle may be decomposed into a finite 
number of regular regions is allowable. 

The theorem applies, for example, when a portion of the boundary of the flow 
isa straight line. It is tempting to try to apply it te the case of symmetrical flow, 
since the line of symmetry is necessarily a straight streamline. The reader is 
cautioned, however, that unless dK /dn has a discontinuity at the line of symmetry, 
it must, because of symmetry considerations, be zero there, in which case the theo- 
rem gives no new information. 


1D. Gilbarg, “On the Flow Patterns Common to Certain Classes of Plane Fluid Motions,’ 
J. Math. Phys., 26, 137-142, 1947. 

2M. Munk and R. Prim, “On the Multiplicity of Steady Gas Flows Having the Same Streamline 
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§See T. Y. Thomas, “The Fundamental Hydrodynamical HMquations and Shock Conditions for 
Gases,’’ Math. Mag., 22, 169-189, 1949. 

‘J. L. Ericksen, “On the Uniqueness of Ideal Gas Flows with Given Streamline Patterns,’’ 
Bull. Tech. Univ. Istanbul, 6, 1-5, 1952. 

5 See also B. Bernstein and T. Y. Thomas, “The Differential Equations of the Stream Lines for 
Compressible Gas Flow,’’ J. Rat. Mech., Anal., 4, 703-719, 1955. 

§ See O. D. Kellogg, Foundations of Potential Theory (New York: Frederick Ungar, 1929). A 
regular curve is essentially defined as one which is continuous and piecewise continuously differen- 
tiable, and a regular region is one whose boundary is a closed regular curve. 
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In a diploid, outbreeding organism like man the deleterious mutants carried by 
the population are only partly expressed in each generation, being largely concealed 
by heterozygosis with more favorable alleles. However, the total hidden mutational 
damage carried by the population can be estimated indirectly from the detrimental 
effects of consanguineous marriage. 

This method, applied to mortality data of Arner,! provided the basis for the state- 
ment that ‘‘a calculation from ... results of inbreeding in man... leads to the con- 
clusion that every person on the average contains heterozygously at least one lethal 
gene or group of genes which [homozygously would]... kill an individual. . . between 
birth and maturity.”? The calculation itself was not given, however, and the stated 
figure of one lethal equivalent per person represents a conservative estimate, being a 
good deal lower than the most probable value (nearly two) actually indicated by the 
data. Recently Slatis* has used a similar procedure for estimating the number of 


heterozygous genes that, if homozygous, would cause detectable rare abnormalities 


and has arrived at a tentative estimate of eight such genes per person. His con- 
clusions are qualified by the fact that the subjects were selected for having abnor- 
malities, some of which may not have been simple recessives. 

In this paper we shall present calculations whereby, using death rates both from 
Arner’s and from two other published studies of consanguineous marriages, we have 
attempted to measure the total mutational damage. We shall also show how, by 
making some assumptions about the manner in which the mutations are expressed 
(and hence with less assurance), we have estimated the amount of mutational dam- 
age actually expressed each generation. Finally, we shall use the data to estimate 
the total mutation rate in man. 

Human Consanguinity Data.—The selection of families on the basis of the con- 
sanguinity of the parents has both advantages and disadvantages. Thedisadvantages 
of this approach are that a large sample is required and that the sociological con- 
comitants of consanguineous marriage (rural-urban differences, etc.) may be con- 
founded with the genetic effects. The advantages are that it is not biased by selec- 
tion of particular genetic entities and that homozygosity for two or more deleterious 
genes with possibly synergistic effects is unlikely at the low levels of inbreeding 
found in man. 

Three published studies on consanguineous marriage fulfil the condition of a large 
sample. It is questionable whether they also meet the requirement for separation of 
genetic effects from the sociological correlates of inbreeding. The most recent and 
useful data (summarized in Table 1) were obtained by Sutter and Tabah‘* from 
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Catholic marriage dispensations issued during 1919-1925 in two French depart- 
ments. These authors visited about two-thirds of the families and took histories of 
births and deaths, with notes on conspicuous abnormalities. The same information 
was obtained from town clerks for a control sample of unrelated parents married 
during the same period and selected without regard to fertility or medical history. 

Arner! obtained his data by going through early American genealogies and record- 
ing, among other things, the number of deaths before age 20 in the children of con- 
sanguineous marriages. Nonconsanguineous marriages of the parents’ siblings 
served as controls. He does not give the number of deaths for each kind of con- 
sanguineous marriage beyond first cousins, but only an average. However, else- 
where in his paper he gives data from which the approximate composition of this 
group may be inferred, and from this we have estimated the average inbreeding co- 
efficient. The relevant data are given in Table 2. 


TABLE 1 
Cuitp Mortauitry: DATA or SurTreR AND TABAH 
(Data Given as Deaths/Total, with Proportion of Deaths Below) 
First 1!/s Second 
Cousins Cousins ( ‘ousins 


(F = .0625) (PF = .0312) (F -0156) 


Morbihan: 
Stillbirths and neonatal deaths 51/461 3/78 23/309 
111 038 O74 
Infantile and juvenile deaths 64/410 17/25 32/286 
156 227 112 
Loir et Cher: 
Stillbirths and neonatal deaths 18/282 6/105 11/240 
064 057 046 
Infantile and juvenile deaths 32/264 1/99 17/229 
121 O10 O74 


TABLE 2 


CHILDREN DYING UNDER THE AGE OF 20: DATA or ARNER 


First Cousins Other Cousins Not Related 

(F = .0625) (F = .0112) (F 0) 
113/672 211/1,417 370/3, 184 
168 .149 116 


The third source of data is a very old study by Bemiss® based on correspondence 


with physicians, with consequent unintentional selection of families with con- 
spicuous abnormalities. We have included his data on ‘children dying young”’ in 
Table 3. Although the abnormalities are undoubtedly selected, few of them were 
incompatible with life, and in fact the incestuous group (parent-child and_ sib 
matings, not included in Table 3), which recorded 29 of 31 as defective, included no 


TABLE 3 
CHILDREN Dy1nGc YounG: Data or BeEmIss 
Uncle- First Second Third Not 
Niece sins Cousins Cousins Cousins Related 
(F = .1250) = 12! (F = .0625) (F = .0156) (F = .0039) (F = 0) 
23/53 55 /15¢ 637 /2,778 85/513 8/59 134/837 
434 3: 229 166 136 160 


deaths. It is likely, therefore, that the data on deaths are not seriously biased by 
selection. Yet it is to be expected that these data would be less reliable than those 
from the other studies, especially the modern careful studies of Sutter and Tabah. 
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Definitions.—We wish to distinguish between total mutational damage and ez- 
pressed mutational damage, both measured for the purposes of this paper in lethal 
equivalents. 

A lethal equivalent is a group of mutant genes of such number that, if dispersed in 
different individuals, they would cause on the average one death, e.g., one lethal 
mutant, or two mutants each with 50 per cent probability of causing death, ete. 
The concept will be illustrated in a later section. 

The total mutational damage per gamete is the average number of lethal equiva- 
lents in the zygote that would result from doubling the chromosomes of this gamete. 

The expressed mutational damage per gamete is the average number of lethal equiv- 
alents in this gamete that would be expressed if it were combined with another 
gamete to form a zygote according to the mating system actually prevailing among 
the individuals being considered. 

An Estimate of the Total Mutational Damage.—Considering a single locus, the 
probability of a particular zygote surviving the detrimental effects of mutants at 
this locus is® 

| ql's @(1 — F)s 2q(1 — g)Q — F)sh 
Probability of Probability of Probability of 
death due to death due to death in 


homozygosity homozygosity not a heterozy- 
from consanguinity from consanguinity gote 


where s is the probability of death in the mutant homozygote and h is a measure of 
dominance, being 0 for a completely recessive factor and 1 for a gene causing the 
same probability of death in a heterozygote as in a homozygote. F is Wright’s’ 
coefficient of inbreeding and measures that fraction of loci that are homozygous as 
a result of consanguinity, being !/ i. for children of first cousins, !/32 for those of first 
cousins once removed (1!/2 cousins), '/¢4 for those of second cousins, ete. 

We make the assumption that different causes of death, genetic or environmental, 
are independent in action (‘“‘nonsynergistic” in the sense used by Muller’). On 


this model the fraction of survivors is 
S IH(l — x)}l — ql's _ gu — F)s -— 2q(1 — 7 — F)sh}, 


where x is the probability of a particular environmental cause of death, and the 


product is taken over all environmental causes and over all loci with mutant alleles. 


Since the number of causes is large and the separate probabilities are small, this is 
equivalent to 


F)Zq(1—q)sh 


—log, S = A+ BP 


where A = Dx + Yq’?s + 2Zq(1 — q)shand B = LYqs — Xq*s — 2Zq(1 — g)sh. The 
summation is over all environmental factors, or over all loci having mutant alleles. 

In a randomly mating population (F = 0) the amount of expressed damage is 
measured by A. B is a measure of the hidden genetic damage that would be ex- 
pressed fully only in a complete homozygote (F = 1). We take as a measure of 
total genetic damage per gamete the quantity qs, this being the amount ex- 
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pressed in a zygote formed by doubling the chromosomes of this gamete. This quan- 
tity is equal to the sum of B and the genetic component of A and hence lies between 
Band B + A. 

Estimates of A and B were obtained from the weighted regression on F of the 
natural logarithm of the number of survivors. According to maximum-likelihood 
theory, the appropriate weights are nS/(1 — S), where S is the expected fraction of 
survivors and n is the total number. The weights were obtained by iteration, start- 
ing with the observed value of S as a trial value. The values of A and B computed 
in this way are shown in Table 4. Because of the low levels of inbreeding found in 
man and the small number of deaths in the noninbred groups, virtually the same 
estimates of A and B are obtained from the simple approximation S = 1 — A — BF. 
Furthermore, since the effects of these factors as actually felt by future populations 
are dispersed over many individuals, the estimate of B is not greatly influenced by 
the way in which a large number of lethal effects (genetic and environmental) interact 
in an individual. 


TABLE 4 
ESTIMATES AND HoMoOGENEITY Test 
A B B/A Brr Bro Bco x 

Sutter and Tabah (1953), Morbihan: 

Stillbirths and neonatal deaths 0460 1.1 

Infant and juvenile deaths 0950) 1.4 

Total 1410 2.55: 
Sutter and Tabah (1953), Loir et Cher: 

Stillbirths and neonatal deaths 0335 574 17.12 398 662 538 24 

Infant and juvenile deaths 0558 908 16.26 1.201 759 «1.141 36 

Total 0893 482 16.60 
Arner (1908) 1300 032 7.94 1446 «L808 970 4.94* 
Bemiss (1858) 1612 704 610.75: 2.198 1.302 1.371 2:73 


$ 24.41 901 1.233 1.163 36 
L 15.06 937 1.665 1.222 88 
5 18.12 


2 
3 


It is possible that in any of these studies the consanguineous and nonconsan- 
guineous groups are not comparable in some respect. For example, in the data of 
Sutter and Tabah the consanguineous group was interviewed by the authors, but 
the control data were gotten more indirectly. Also, especially in the Bemiss study, 
there is doubt about the accuracy of ascertainment of the more distant degrees of 
relationship. Further, there may be undetected environmental differences be- 
tween the inbred and control groups. For these reasons we have made several tests 
for internal consistency of the data. 

In Table 4 the regression coefficients By, were obtained from the different degrees 
of consanguinity, omitting the noninbred group entirely. This is to be compared 
with Bro, which is based on the comparison of the noninbred group with the average 
of all the inbred groups. The x? values are for the comparison of these two regression 
coefficients. The only data that show any evidence of inconsistency (Bye = .45, 
Bro = 1.80, x = 4.94, P ~ .03) are Arner’s, yet his material was collected with 
the greatest attention to an adequate control, and the computed values of A and B 
are in reasonable agreement with the other data. Possibly we have been misled in 
our indirect estimate of F for his “other cousins” group. An additional value is 
also given in the table, Beco, based on comparisons of the outbred group with those 
from first-cousin marriages only. This is of special interest in the Bemiss study, 
since there is some doubt as to his definition of second and third cousins, and in the 
Arner study for the reason just given. 
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The Sutter and Tabah data include stillbirths and recorded late miscarriages, 
whereas the Arner and Bemiss data include mostly postnatal deaths. All these 
studies include deaths up to early adulthood. Making allowance for the incomplete 
stillbirth data in the Arner and Bemiss studies, we conclude that B for stillbirths 
plus juvenile deaths probably lies between 1.5 and 2.5, with A + B only slightly 
larger. That is, the average gamete carries a group of detrimental factors that, if 
dispersed in separate individuals and made homozygous, would result in 1.5 
deaths of that age group. Thus the total genetic damage here measured is 1.5— 
lethal equivalents per gamete, or 3-5 per zygote. 

At loci with complete or partial dominance the genetic damage measured by this 
procedure is due to mutation. But overdominant loci where the heterozygote is 
fitter than either homozygote make a contribution to inbreeding decline, and hence 
to B, that is not related directly to mutational damage. It can be shown (Crow, 
unpublished) that if the two homozygous types have a selective disadvantage of 
sand / relative to the heterozygote, the genetic damage in a randomly mating popu- 
lation (i.e., the amount by which the population is less fit than if it were made up 
entirely of the optimum heterozygous type) is proportional to st/(s + ¢), whereas 
if this population is made completely homozygous it is proportional to 2st/(s + 0). 
Thus the contribution to B of such a locus is exactly equal to its contribution to A. 
In our data B is some fifteen times the value of A, and the latter includes non- 


genetic deaths, so we conclude that overdominant loci are not making any sub- 


stantial contribution to B and that the genetic damage we are measuring is muta- 
tional. 

These data omit abortions, early adult deaths, and cases of infecundity. More- 
over, B would be still higher if genetic impairments that influenced the survival or 
reproduction of offspring or other relatives of inbred individuals were included. 
Thus the value of B taken to include these cases is probably at least twice as great 
as we have given. Furthermore, one lethal equivalent probably comprises several 
detrimental mutants. Therefore, every individual must be heterozygous for many 
genes which would be seriously deleterious if homozygous and which together 
probably produce an appreciable loss of fitness even in the heterozygote. 

An Estimate of the Expressed Mutational Damage.—Given the observation that there 
are the equivalent of 3-5 lethals acting in late fetal to early adult stages per zygote, 
we can estimate the amount of damage expressed in a single generation. The 
probability of a particular mutant being eliminated by death due to homozygosity 
through inbreeding is Fs; that of elimination due to the mutant meeting a pre- 
existing allele is (1 — F)gs; and that of elimination due to the mutant in a heterozy- 
gote is (1 — F)(1 — q)sh. Neglecting products of small quantities, the total prob- 
ability of elimination is approximately (F + q + h)s. We shall designate F + ¢ 
+ h by z. 

The mutant genes actually found in the population will be determined in part by 
the number of generations that each mutant persists before elimination, and there- 
fore the more completely recessive genes will contribute disproportionately to the in- 
breeding effect. The mean persistence of a mutant gene is the reciprocal of its 
probability of being eliminated in any particular generation and is therefore 1 /zs. 
Therefore, the number of mutant genes per gamete in the population is 2(u/zs), 
where u is the mutation rate and the summation is over all relevant loci. 





860 GENETICS: MORTON ET AL. Proc. N. A.S. 


The total number of lethal equivalents per gamete is 2 [(u/zs)s], or 2(u/z), whereas 
the number of expressed lethal equivalents per gamete is = [(u/zs)zs], or simply Zu. 
If z and w are uncorrelated, Y(u/z) may be written as (Yu)(1/z). In that case, if 
estimates of 1 /z and of lethal equivalents are obtainable, this formula can be used to 
find Du, the total mutation rate. Now although q and u are clearly correlated, the 
correlation between z and yu is not likely to be large. For g has probably comprised 
but a small part of z either in early times or at present, and although Muller* has sug- 
gested that selective processes might cause some correlation between A and yu, their 


effectiveness is not expected to be great. At any rate, to whatever extent z and 
u may be positively correlated, this method will underestimate Dy. 

On the assumption that 2(u/z) = (2u)(1/z), the expressions for total lethal 
equivalents and for expressed lethal equivalents have a factor, Yu, in common, 
which cancels out, leaving the following simple relationship: The number of ex- 
pressed lethal equivalents per gamete is the total number of lethal equivalents multiplied 


by the harmonic mean of z. 

There are several reasons for thinking that most elimination of deleterious genes 
is now in heterozygotes rather than in homozygotes. Direct measurements on 
Drosophila \ethals and semilethals have shown a mean dominance of about 4—5 per 
cent.” This was foreshadowed by Sturtevant’s observation! that the number of 
lethals carried by wild populations of Drosophila is smaller than would be predicted 
with random mating (the occurrence of which was, however, questionable) and the 
observed rate of mutation. It was also indicated by the fact that most deletions of 
any magnitude have a depressing effect on viability as heterozygotes,* ° by dosage 
compensation,'? and by numerous observations of incomplete recessivity in various 
organisms, including especially those of Levit!* on man. 

To get the harmonic mean of z, which for the reasons just given we consider to be 
in large measure determined by the heterozygous effect of the mutants, we used the 
Drosophila data of Muller and Campbell (unpublished). Their values of A for 16 
autosomal lethals range from .091 to —.026. The variance of these values (.00185) 
does not differ significantly from the variance of repeated observations on the same 
lethal (.00102), so it is possible that the values simply represent random devia- 
tions a true mean value of .042, constant for all lethals. In this case the harmonic 
mean of h would be the same as its arithmetic mean, or about .04. However, it 
seems more likely a priori as well as from the evidence given by visible mutants 
that the true value differs from mutant to mutant, but by less than the observed 
range would indicate because of measurement errors. We take the observed values 
and arbitrarily regress each toward the mean by the ratio of the “true’’ standard 
deviation (obtained by subtracting the variance of replications of tests on the same 
lethal from the variance among means of different lethals) to the observed standard 
deviation, compute for each gene the value of z, and take the harmonic mean. For 
this purpose the mutation rate per locus was assumed to be 10°, but it makes very 
little difference what value is chosen. With F = 0 the harmonic mean of z is .013, 
with F = .001 it is .014, with F = .005 it is .022, and with F = .O01 it is .030. 

There is a difficulty here in that the gene frequencies may have been largely de- 
termined at a time when F was large, but the present expressed damage is in popu- 
lations with very little inbreeding. If we compute the equilibrium frequency of each 
mutants in a hypothetical population with F = .01, then compute the expressed 





Vou. 42, 1956 GENETICS: MORTON ET AL. 861 


damage in a population changed to F = .001, the result is .023 of the total dam- 
age. 

It should be noted that mutants with nearly neutral or slightly favorable hetero- 
zygotes dominate this value out of all proportion to their initial rate of occurrence. 
For example, if only two mutants are omitted from the data of Muller and Camp- 
bell, the value is raised to nearly .04. 

The data of Stern" and ten of the sixteen cases studied by Muller and Campbell 
were based on complete lethals, which, as pointed out by the latter workers, may be 
more dominant in their effect on survival than mildly deleterious genes, since the 
lethal homozygotes may be more than sufficient to kill the embryo. For example, 
Seto! showed that lethals that kill in the egg stage of Drosophila, which are pre- 
sumably therefore more drastic, have a greater amount of heterozygous lethality than 
those killing at later stages. Muller and Campbell, however, do not show a con- 
spicuously or significantly lower dominance for the near-lethals than for the complete 
ones (.039 versus .044). Moreover, there is some ground for the opposite inference 
that mutants at loci giving rise mainly to slight detrimentals would have a higher 
dominance than marked detrimentals because of a lower selective pressure acting to 
stabilize the expression of the loci. 

We shall take the harmonic mean of z as .02. With 1.5-2.5 lethal equivalents per 
gamete, this corresponds to 3-5 per cent of expressed lethality per gamete, or nearly 
6-10 per cent per zygote. The zygotic value is somewhat less than twice the 
gametic, since with homozygous deaths two lethals lead to only one zygotic death. 
However, this correction is small if most eliminations are in heterozygotes, as we 
judge them to be in modern populations. Synergism between different loci would 
also cause this estimated value to be too high, but for reasons given earlier this is not 
likely to introduce any sizable error. 

Comparison with the values of A in Table 4 suggests that a substantial fraction of 
deaths in nonconsanguineous marriages may be attributed to heterozygous effects 
of the same factors that cause deaths as homozygotes in consanguineous marriages; 
that is, these deaths are in a large measure genetically selective. 

An Estimate of the Rate of Occurrence of Detrimental M utation.—From the relation 
given in the last section that the total number of lethal equivalents per gamete is 
(Yu)(1/z), we can compute the mutation rate as the total number of lethal equiva- 
lents multiplied by the harmonic mean of z. Taking 1.5-2.5 as the total number per 
gamete and .02 as the harmonic mean of z, the total mutation rate of lethals and 
detrimentals causing deaths from late fetal to early adult states is .03-.05 per gamete 
per generation. This corresponds to an inbreeding coefficient of .005; if F in the 
past were as much as .01, the estimated mutation rate would be about 50 per cent 
greater. 

If we assume that the total lethal and detrimental mutation rate, including that 
causing early embryonic deaths not detected in these studies, is 2-3 times the above 
values, we have a total mutation rate of .06-.15 per gamete. Drosophila data give 
10 as the ratio of total detrimentals per gamete to single locus rate. Using this 
value, we obtain a rate of 6-15 X 10~® detrimental mutations per locus per genera- 


tion, a value in good agreement with the rates of visible mutations at selected loci." 


Both types of estimates depend on a number of unverified assumptions and should 
therefore not be accepted uncritically. However, the agreement between the two 
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essentially independent methods increases in some measure our confidence in each 
separately. 

Discussion.—Besides the lethal effects considered here, there is mutational 
damage expressed as anatomical defect and nonlethal disease. Sutter and Tabah 
also give data on the increase of these in consanguineous marriages, from which it 
can be estimated that the average person carries about 4—5 genes which, if homozy- 
gous, could cause conspicuous abnormality. Such abnormality is likely to reduce 
reproductive potential. Other mutational damage affecting eventual reproductive 


potential has less conspicuous expression. For these reasons our figures probably 


underestimate the over-all mutational damage. 

The data of Bemiss and Arner are for American populations a century or more 
ago, and those of Sutter and Tabah for rural French populations born about thirty- 
five years ago; yet the values of A and B are quite similar. Current United States 
rates for stillbirths (5 months’ gestation or longer) are 0.016; for neonatal deaths 
(under one week), 0.017; and for deaths from 1 week to age 25, about 0.004. This 
total of .037 is about a third of that in the noninbred populations we have con- 
sidered. Presumably the value of B would also be lower now, since many of the 
deaths in consanguineous families were known to be from infectious diseases that 
are now much rarer and for which genetic susceptibility is now less serious. In this 
connection it is noteworthy that Sutter and Tabah’s data show a sharp rise in the 
incidence of tuberculosis with consanguinity. (A large body of carefully collected 
consanguinity data may be expected from the Japanese studies of the Atomic Bomb 
Casualty Commission. ) 

Provided that genetic selection is not suspended or reversed by improvements in 
environment, but merely attenuated, the mutational damage at equilibrium will be 
the same under mild or rigorous selection. However, recent improvements in the 
environment have taken place very rapidly relative to the time over which present 
gene frequencies were established. We believe, therefore, that mutational damage 
and mutation rates are more realistically measured in the data we have considered 
than from contemporary death rates, the genetic component of which is certainly not 
at equilibrium. For this reason it is of great importance that comparable studies 
be carried out on populations under primitive or rigorous conditions while they still 
exist. Such studies, by affording a comparison with those on modernized popula- 
tions, would also provide a measure of the relaxation of selection under modern 
conditions. 

Summary.—From studies of the increased mortality in children of consan- 
guineous marriages it is estimated that the average person carries heterozygously 
the equivalent of 3-5 recessive lethals acting between late fetal and early adult 
stages. Assuming that the most important effect of detrimental ‘‘recessive’’ muta- 
tions in populations that undergo little present inbreeding is through heterozygous 
damage, and using Drosophila data to estimate the amount of this, the frequency of 
deaths in the populations studied due to the same factors as those causing the 
additional deaths in consanguineous marriages is estimated as 6-10 per cent. From 
this we estimate a total mutation rate of .03—.05 per gamete per generation to such 
genes. Since the total, including those causing early undetected embryonic deaths 
and detrimental effects after maturity, is probably 2-3 times as high as that ac- 
counted for here, the total mutation rate to lethals and detrimentals is estimated as 
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06-15 gamete per generation or, with 104 loci per gamete, 6-15 &K 10~° per locus. 
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TWO LATE-GLACIAL DEPOSITS IN SOUTHERN CONNECTICUT 
By Esre.ya B. Leoroip* 
Communicated by G. BE. Hutchinson, August 23, 1956. 


One of the recent trends in Pleistocene research has been the study of pollen in 
deposits that might record late-glacial vegetation changes. To my knowledge 
there are now only two North American localities that clearly provide such evidence. 
Not including the type locality in Wisconsin for the Two Creeks interstadial flora, ' 
these are George Reserve, Michigan,? and Aroostook County, Maine.* 

Evidence from these sections suggests that during the Two Creeks interstadial 
the central parts of Wisconsin and Michigan were forested with spruce and fir, 
while at the same time northern Maine had only local stands of spruce. During 
the ensuing ice advance, eastern Michigan and northern Maine suffered great 
alterations of climate and may have been characterized by steppe-like vegetation. 

The New Evidence.—The late-glacial deposits described briefly here (to be more 
fully detailed in a later publication) lie less than 20 miles south of the late-Wiscon- 
sin drift border described by Flint,‘ near Middletown, Connecticut. One of these 
isa kettle, Totoket Bog, earlier analyzed by Deevey,® and the other is Durham 
Meadows, a formerly lacustrine basin which lies in a small valley tributary to the 
Connecticut River. The pollen sequences obtained from these are different from 





864 GEOLOGY: ESTELLA B. LEOPOLD Proc. N. A. 8. 


the established Connecticut chronology in that they include previously undescribed 
oscillations within the so-called “postglacial spruce zone” (zone A of Deevey) as 
well as two entirely new pollen zones at the base of the sequence. The profiles 


described here provide evidence of two major reversals of vegetation type and 


suggest, therefore, that the early parts of the New England postglacial chronology 
are far more complex than was previously realized. 

Methods.—To prepare the core sediments for pollen analysis, the bromoform 
flotation method® was used. Surface silts from Durham were treated with HF: 
acetolysis followed. Identifications were based on acetolysed preparations of 
herbarium material, including all eastern species of the genera Alnus, Lycopodium, 
and Betula. 

Pollen Zones.—The diagrams of Figure 1 outline the broad chronology. The 
two new sequences (below) resemble the typical Connecticut chronology (above) in 


POLLEN 
ZONES 


| bal 
| Pe DEEVEY'S 
TYPICAL 
S. NEW ENGLAND 
SECTION 





DURHAM, CONN. 
CORES A,B,C 











HICKORY 
ae 


TOTOKET, CONN. 
CORE B 





Fic. 1.—New England pollen sequences. 


that they show an early herb phase,’ spruce (A), pine (B), and three deciduous zones 
(C: oak, hickory, and chestnut). The Durham profiles indicate that marsh 
conditions prevailed locally during the oak maximum. 
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In addition, the Totoket sequence includes two early phases, represented by a 
spruce maximum and an older herb maximum denoted in Figure 1 by the new zone 
symbol 7. The new sequences, furthermore, provide added detail within spruce 
zone A of Deevey. In my pollen profiles, that zone contains two spruce maxima, 
not one, and in each case the first peak is greater than the second. The two major 
herb and two major spruce zones in my general chronology I have chosen to call 
“Durham” and “ Pre-Durham”’ spruce and ‘ Younger’? and “Older” herb zones. 
These are described according to their primary features. 

Herb Zones.—The chief components of these zones are nonarboreal. The 
families Cyperaceae, Gramineae, Compositae, Ericaceae, Saxifragaceae, and 
Unbelliferae and the forb genera Artemisia, Rumex, and Plantago constitute up to 
80 per cent of the total pollen and have an average frequency of 66 per cent. The 
shrubs Salix, Ilex, and Alnus represent up to 25 per cent of the total pollen. Asso- 
ciated with the Younger herb zone are spores of two subarctic or alpine forms of 
Lycopodium: L. selago and L. annotinum vars. alpestre or pungens.$ 

Within the herb zones tree pollen is of less numerical importance (i.e., pine, oak, 
and hardwoods, each constituting up to 10 per cent of the total pollen) than any- 
where else in the cores and, because of the inorganic nature of the sediments, may 
in part represent secondary pollen or contamination.’ However, at the borders of 
the herb zones pine frequencies appear to be more significant, being as high as 25 
per cent of the total pollen. 

The Younger herb zone is delineated at its lower and upper borders by major 
peaks in the Betula curve. The lower of these is composed of especially small 
Betula pollen (modal size, 20 «), which suggests that this is the pollen of the dwarf 
birch B. glandulosa of subarctic and alpine distribution.’ At the upper border 
birch pollen is of a larger type, probably representing an arboreal form. 

Spruce Zones.—The spruce zones have in common pollen of the following woody 
associates: pine, fir, birch, and alder (listed in decreasing order of importance). 
These genera have frequencies that are approximately reciprocal to those of spruce. 
Herb pollens are less frequent than those of trees. 

The Pre-Durham spruce maximum contains spores of the same Lycopodium 
species that characterize the Younger herb zone (see above), while the Lycopodium 
spores of the Durham spruce zone are mainly of the L. complanatum and L. sabinae- 
folium groups. Sediments of the Durham spruce zone are organic, while below 
this they are silty clay and sand. 

Pine Zones.—Though pine pollen is present throughout the sequence in moderate 
numbers, there are two intervals during which it is notable in the pollen count. 
One of these occurs after the last spruce but before the deciduous phases at the top 
of the cores and has a stratigraphic position equivalent to that of the well known 
‘Boreal pine period” (zone B of Deevey). The other falls between the two spruce 
maxima of the Durham spruce zone and represents an earlier pine interval. As in 
the Boreal pine period, pine is associated with small amounts of spruce, oak, Osirya- 


Carpinus, hazel, and alder and therefore appears to represent a climate warmer than 


that of the spruce intervals. 
Deciduous Zones.—In both deposits the terminal pollen phases correspond well 
with those of the established Connecticut chronology (zone C of Deevey): (1) oak, 


) 


(2) hickory, and (3) oak and chestnut. 
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Carbon-14 Dating.—Vive C'* dates obtained from these deposits are listed below 


with the corresponding zone letter of Deevey’s chronology: 


Oak maximum (zone C-1); Durham Meadows; 4,800 + 400 years?! 

Pine maximum (zone B); Durham Meadows; 7,570 + 250 years"! 

Pine maximum (zone B); Durham Meadows; 8,155 + 410 years!” 

Lower Durham spruce zone (lower zone A); Durham Meadows: 12,700 + 280 
years?! 

Lower Durham spruce zone (lower zone A); Totoket: 13,550 + 460 years!” 

Climatic Interpretation.—In the herb zones there is a predominance of plants 
that characterize open vegetation, suggesting that the region was not densely 
forested during these intervals; they suggest an association of grasses, sedges, and 
forbs, with scattered shrubs like alder, willow, holly. and open stands of birch and 
pine. All these plants have high light requirements. Cold-loving forms of 
Lycopodium and probably Betula glandulosa were present at least during the Younger 
herb interval. This combination of high-light- and low-temperature-loving plants 
strongly implies open and perhaps steppe-like conditions during a relatively cold 
interval. 

The spruce intervals, by contrast, apparently represent warmer (but still cool) 
circumstances and were most certainly characterized by dense forest. The pine 
intervals probably represent still warmer conditions than the zones which are 
predominantly spruce. 

The pollen profiles described here record two climatic oscillations. The older 
one, represented by the herb-spruce-herb sequence, probably included cold, cool, 
and cold phases. Immediately following is the younger oscillation consisting of a 
shift from spruce to pine to spruce, implying cool, warmer, and then cool phases. 

The warmest part of the early oscillation is represented by the Pre-Durham 
spruce zone, which was preceded and followed by intervals of relatively open vege- 
tation and severe climate. The C' dates of ca. 13,500" and 12,500"! years from 
overlying sediments show that the early oscillation terminated significantly before 
the Two Creeks interval (ca. 11,000 years''). The occurrence of this oscillation in 
southern Connecticut indicates that the region south of Middletown has been free 
of ice since before the Two Creeks interstadial. 

The younger oscillation has as its warmest phase the pine interval in the middle 
of the Durham spruce zone. The C' dates from the early part of this zone indicate 
that the younger oscillation began about 13,500 years ago, and thus its inception 
significantly antedated Two Creeks time. It ended before the Boreal pine period 
dated by C' here and in other Connecticut deposits at about 8,000 years. Hence 
the Durham spruce oscillation certainly records the forest phases that introduced 
the Two Creeks interstadial in Connecticut. The pine phase is probably of Two 
Creeks age, and the final spruce maximum would then represent the cooling resulting 
from glacial advance during Valders'* time. 

The remarkable aspect of this pollen record is that the Two Creeks vegetation of 
southern Connecticut was so different from that of northern Maine. Late-glacial 
sections in Maine® suggest that there spruce was established only locally during 
that interstadial, while at the same time the southern Connecticut climate was 


apparently too warm for dense stands of spruce. In New England, therefore, the 
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densest forests of spruce and fir must have lain between southern Connecticut and 


northern Maine, i.e., in central New England. 

According to the evidence we now have, the glacial advance that brought steppe- 
like conditions to Aroostook County, Maine, altered the forest composition of 
southern Connecticut only slightly. The spruce belt which probably occupied 
central New England during the Two Creeks interval must have migrated south- 
ward during Valders time at least as far as southern Connecticut. The sequences 
from Durham and Totoket serve, therefore, to date the beginning of the usual 
“postglacial” chronology and give evidence of a complex series of vegetational and 
presumably climatic changes that preceded it. 

* Present address: U.S. Geological Survey, Denver, Colorado. 
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HYDRODYNAMICAL STABILITY AND POINCARE-LYAPUNOV 
THEORY. I* 
By RicHarp BELLMAN 
RAND CORPORATION, SANTA MONICA, CALIFORNIA 
AND 
G. Mintron WING 
LOS ALAMOS SCIENTIFIC LABORATORY 
Communicated by S. Lefschetz, August 25, 1956 


1. Introduction.—The purpose of this paper is to initiate a rigorous theory of 
hydrodynamical stability. Hitherto, stability investigations in this field have been 
confined to a study, difficult enough, of the linear equations arising from perturba- 
tions, without regard to the full nonlinear expressions. Our aim is to establish re- 
sults corresponding to the classical Poinearé-Lyapunov theory (cf. an earlier book') 
for systems of nonlinear ordinary differential equations, for classes of nonlinear par- 
tial differential equations occurring in hydrodynamics. These results parallel 
those established for differential-difference equations (cf. E. M. Wright,? R. Bell- 
man,* and, for the nonlinear heat equation, G. Prodi,‘ and R. Bellman®). 

To obtain these results, we employ an approach quite distinct from the conven- 
tional method based upon separation of variables. Previous investigations of this 
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type have been carried out by C. Longmire, J. Lehner, B. Knight, B. B. MeInteer, 
and G. Peterson all of the Los Alamos Scientific Laboratory, in their researches on 
a particular form of heat-exchange stability suggested by J. L. Tuck. 
2. The Basic Equations.—A simplified model of viscous flow through a pipe with 
heat transfer leads to a pair of equations, 
O86 O6 


is) +q =f) o£ S60: Ook ase oh 
O ol 
b) 


t 

1 
[ R(6, q) dx 

0 


where 6 = @(x, t), q = q(t), and RF is a function whose properties we shall specify 
below. 


>) 


We wish to study the stability of the steady-state solution 


& 
QF =a Jo, 
do 
where q is a constant and dp is chosen so as to satisfy equation (2.1b). 


Letting @ = 0% + 4, ¢ = dq + q, the linear perturbation equations are 
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As boundary conditions, we assume 
a) 6x, 0) 


b) 6,(0, &) 


l pea 
Tr —Z) | qs) ds, 
qo J 0 


We define 


for z > 0, so that equation (2.4)) is satisfied. 


3. The Linear Equation.—The solution of equation (2.3a) is given by 


1 7 
6, = r(x — qt) — f q(s) ds, 
fo JO 
where q satisfies 
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This last equation is readily solved by means of the Laplace transform, yielding 
So e-" (Jo u(s)) dr = 
Se (OR /O4o) [Sor it ad @ qot) dt] dx 7 
Sol (OR /280) /q)dx — 8 So (OR/Oq)dx — (fo (OR/00) e~ */” dx) /qu 


(3.3) 
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The characteristic equation is 


~1 > ee sxr/q *] OR 
| oh (’ ) dx <= | dx. (3.4) 
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If OR/0% is of constant sign in [0, 1], this equation has the important property 
that if a real root exists, it is the root with largest real part. If (0/060) 
So: (OR /Oq) dx > 0, the stability condition is 


at, 
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A different argumentation establishes the stability criterion in case (OR/Q4)- 
So (OR/dq) dx < 0 in [0, 1). 
t. The Nonlinear Equation.—Write 


Vo f E “yD PR 4 i (4.1) 
/ »g) = (O% » Yo a) =-> — ¢ ar. ‘ 
. 0 , : O48» 1 S00 


e 


To establish the stability of the steady-state solution of the nonlinear equations 
(2.1), we consider the nonlinear recurrence relations 


O89 +1 Ob +1 n+ 
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for n > 1, with 6; and q defined by the linear equation (2.3a) and the boundary 
conditions of equation (2.4). 

Although the structure of the proof of convergence of the sequence {@,, q,} fol- 
lows the general pattern from here on, there are a number of technical difficulties 
arising from the fact that the solution of equation (4.2a) has the form 


+} | t 
On+1 r (: — qt — } Gn(8) as) - [ Qnsi(s) ds. (4.3) 
J fo JO 


The term f¢ ¢,(s) ds forces us to treat a type of functional equation related to those 
occurring in the work of A. D. Myskis.° <A steadfast application of the method of 
successive approximations enables us to derive the following result: 
THreorem. Consider equations (4.2a) and (4.2b), together with the boundary condi- 
tions of equation (2.4), under the following assumptions: 
a) All the roots of the characteristic equation (3.4) have negative real parts. 
b) Max (\r(x)|, |r’(x)!) ds sufficiently small. (4.4) 


Oszs1 
c) N(6,q) satisfies a uniform Lipschitz condition for ||, |q\ < er. 
d) |N(6,q)|/({0} + \q|) ~Oas |6|, |\q| +0. 
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Under these assumptions, we can assert the existence of a unique set of solutions, 
A(x, t), g(Q), which approach 0 as t > ©, and which remain uniformly bounded by 


0: 1 
5. Generalizations.—Similar results can be established for the case where eqa- 


co Max |r(x)|, where cz ts a constant. 
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tion (2.1) is replaced by 
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A discussion of this equation will be contained in a second paper in which we shall 
treat the corresponding stability problem for the multidimensional case and for 
systems. 

* This paper represents the results of research sponsored by the Atomic Energy Commission. 
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EIGENFUNCTION EXPANSIONS FOR FORMALLY SELF-ADJOINT 
PARTIAL DIFFERENTIAL OPERATORS. 11. 


By Fevrx E. Browper 
DEPARTMENT OF MATHEMATICS, YALE UNIVERSITY 
Communicated by Marshall Stone, August 16, 1956 


Let A and B be differential operators on a domain G of E” with A formally self- 
adjoint and B positive.' In the preceding note? we obtained an eigenfunction 
expansion theorem for (A — AB) in which the eigenfunctions were distribution 
solutions of the equation (A — AB)E = 0. If every distribution solution of (A — 
AB)é = O is an ordinary differentiable solution, then these are eigenfunctions in 
the ordinary sense. It is the purpose of the present note to show that eigenfunction 
expansions with locally summable eigenfunctions exist for a class of operator pairs 
(A, B) satisfying an ellipticity criterion which can be formulated with weak differ- 
entiability hypotheses on the coefficients of A and B. As in the preceding note, 
we make no use of any fundamental solution or parametrix in the course of the 
proof. 

We assume that (1) A and B have coefficients which are bounded measurable on 
every compact subset of G; (2) A is formally self-adjoint, i.e., (A¢, ¥) = (¢, AW) 
for ¢, ¥ « C. (G); (3) B is positive, i.e., there exists ¢ « C°(G) with ¢(x) > 0 for 
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x eG, such that (Bd, ¢) > (td, ¢) fordeC (G). Let Lo(¢) be the Hilbert space of 
locally square-summable functions which is the completion of C,” (@) with respect 
to the inner product (¢, ¥)- = (¢@, ¥), Hg the completion of C,” (G) with respect to 
[d, ¥] = (Bo, vy). It is easily shown that H, can be imbedded as a linear subset of 
L(f). If D(R) is the set of all we L.(¢) for which there exists v « L2(¢) such that 
(u, Ad) = (v, Bod) for all ¢ « C. (G), let R be the closed operator in L.(¢) with 
domain D(R) obtained by wntting Ru = v, R’ the jth iterate of R with the usual 
convention as to domain. 

The ordered pair of operators (A, B) is said to be elliptic if, for every compact 
subset G, of G, there exist an integer m(G,;) > 0 and a real number k(G;) > 0 such 


that if wef} D(R’), then wu is equal almost everywhere in G to a function 1 ¢ C°(G) 
j=1 
m(G 


for which |u,(x)| < k(G,) S) ||Réu||, for all x eG. 
7=0 

THEOREM |. Let A and B be an elliptic pair of differential operators satisfying 
conditions 1-3 above. Then there exists an eigenfunction expansion for (A — XB) 
in the sense of the theorem of Paper I with sequences {£,} and {m,} (v = 1, 2, ...) of 
eigenfunctions and spectral measures, respectively, for which we have in addition: 

a) &,(x, ) ts measurable with respect to the product measure of Lebesgue n-measure 
on Gand m, on L, while for every bounded Borel set S on the line and every compact 
subset G, of G, there exists ki(S, G,) such that fs £,(x, A)) dm,(A) < ki(S, G) for all 
z € Cr. 


b) If te,} «>> @ L.(m,), then there exist f, f, eH» with f =>- f, (the sum converging 
in H,), where f, = lim f, &,(a, ) ¢,(d) dm,(d), the limit being taken in Hg over 


bounded Borel sets S on the line approaching L and the integral over each such S con- 
verging absolutely. If \c,| ts the transform sequence of an f,; « Hy, then f = fi. 
Proof: Let T), H+, T+, \Ey!, P+, {g.i, {m.i, and the element {c,} of u® 


L.(m,) corresponding to an element f ¢ H*, be as defined in the course of the proof 
of the theorem of PaperI. If feH,, f = 2 where f, = f c,(A) dP+E,g,. We 
; 


shall represent each element of L(¢), and hence of H,, by the function whose value 
at each point x of G is taken as the limit of the averages of the function over a 
sequence of spheres about x and converging to x, provided that this limit exists, 
and zero otherwise. 

Let S be a Borel set of the line LZ contained in the interval (—a, a). Since for 
eC. (G), (P+Esg,, Ad) = [P+Esg,, To] = Ss dlE,g,, 6], we see that P+E sg, 
lies in D(R) and R(P+Esg,) = fs dE,g,. By induction it follows that P+Esg, 
lies in f} D(R’) and R(P+Esg,)\\- < || R1(P+Esq,)\\,» < a Esg,|. By the 

jz 


ellipticity condition, it follows that 


1 ] 
(P+Esg,)(x)| < k(G)) Esq, 


oo 


for all x e€ G;. Thus, by the Radon-Nikodym theorem, there exists &,(2, \), sum- 
mable locally in m,(A) for each x in G and measurable on G X L with respect to 
dx X dm,(X) (since it may be taken as the m,-derivative of P*+Esg,(x), which is 
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so measurable), with fy |£,(a, A)| dm,(A) < k(S, G)) for x e Gy, for whick P*+Esg,(x) 
= fs &(x, 4) dm,(A). It follows easily that f,(7) = S c.(d) &,(x, X) dm,(d), and 
the remainder of the proof proceeds substantially as in Paper I. 

Remark 1: It would be sufficient for the proof to assume, instead of ellipticity, 
that (P+Esg)(x)| < k(g, S, Gi) for each Borel subset S, of the Borel set S, g ¢ H,, 
xeG,. The required uniform inequality in g would follow from Banach’s principle 
of uniform boundedness. ® 

Remark 2: If I is the identity operator and A belongs to the class of constant- 
coefficient differential operators which are complete operators of local type in the 
sense of Hérmander,‘ then the pair (A, /) is an elliptic pair. 

THEOREM 2. Let A and B have coefficients which are m times continuously differ- 
entiable, where 2m is the order of A, 2r the order of B, 2r < 2m. Suppose that A is 
elliptic in the ordinary sense at each point x of G. Then (A, B) is an elliptic pair, 
with the eigenfunctions £,(x, \) essentially in C"~'(G). If the coefficients lie in 
C”(G), the eigenfunctions will lie in C"?~'(G). 

The proof of Theorem 2 follows some estimates obtained by the author on the 


L,-norms of weak solutions of elliptic equations in the interior of their domain, 


which will appear elsewhere. 
We use the notation and terminology of the preceding note (referred to as ‘Paper I’’). 
2 F. E. Browder, these PROCEEDINGS, 42, 769-71, 1956. 
3 Our proof suffices to establish an extension of the abstract eigenfunction expansion theorem 
announced by W. Bade and J. T. Schwartz, Bull. Am. Math. Soc., 62, p. 15, 1956, Abstr. 49. 
‘LL. Hérmander, Acta math., 94, 218-238, 1955. 


THE PROPAGATION OF DISCONTINUITIES IN WAVE MOTION*" 
By R. Courant Aanp P. D. Lax 
NEW YORK UNIVERSITY 


Communicated September 4, 1956 


Discontinuities of “waves,” i.e., of solutions of hyperbolic systems of partial 
differential equations, can occur only along characteristic surfaces; moreover, on 
these surfaces the discontinuities spread along bicharacteristics (“rays”) on which 
they satisfy ordinary differential equations. 

These facts are wel! known for the classical equations of wave propagation. In 
this note they will be presented for general hyperbolic systems of k linear equa- 
tions of first order for a vector function u(2°, 2x! r”) with k components; the 
first variable x° may be identified with time ¢. By analyzing the possible discon- 
tinuities we shall show that discontinuities in the initial data on a spacelike mani- 
fold are propagated along characteristics. 

THEOREM. Assume that 


n 


Mu > A’ up» + Bu = 0 


v 0 


is a hyperbolic system of k linear equations with k unknowns, and that the hyperplanes 
x°® = const. are spacelike, i.e., the matrix A® is the identity, and that all linear com- 
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- 


binations >> &,A” of the matrices A” with real coefficients —, have real and distinet 
eigenvalues. In addition, assume that A” and B are sufficiently differentiable fune- 
tions of the independent variables. On the spacelike manifold x° 0 initial data are 


assigne d: 


which have on either side of a sufficiently smooth (n — 1)-dimensional manifold T 
continuous derivatives of sufficiently high order that suffer jump discontinuities across TY. 
Then the solution u of Mu = 0 with these initial values has continuous partial deriv- 
atives of sufficiently high order everywhere except on the k characteristic surfaces issuing 
from YT; across these, the partial derivatives of the solution have jump discontinuities. 

This discontinuous solution is understood as a ‘weak solution’’ u, i.e., as one 
which satisfies the relation 


f uM *w dx 0 (1) 


for all smooth test functions w with compact support; ./* is the adjoint of M. 

1. Analysis of Discontinuities.—Let u be a piecewise smooth weak solution with 
discontinuity along a smooth surface C. Integration by parts of equation (1) 
leads to the condition 

> ¢,A’(u) 0 (2) 
for the jump (uw) across C, where ¢, are the direction cosines of the normal to the 
surface of discontinuity. If (w) is not zero, the matrix A = >> ¢,A” must be 
singular, 1.e., the carrier of the discontinuity must be a characteristic surface and 
the jump (wv) must be annihilated by A. Since we have assumed that A has the 
rank k — 1, we have 

(u) ok, (3) 
where F is the normalized right null vector of A, o a scalar as yet unrestricted. 

Denoting the jump in the partial derivatives of u by (u,»), we conclude, since the 
differential equation Mu = 0 is satisfied on both sides, that 

bd A’(u,v) + Blu) = 0. 

We multiply this relation by the left null vector L of A and get 

> LA’(uz) + LB(u) = 0. (4) 
Since > ¢,LA” = ¥ 1¢,A” = LA = 0, equation (4) is independent of the jump 
in the normal derivative. On the other hand, the jump in the tangential deriv- 
ative is equal to the tangential derivative in the jump in u. So equation (4) can 
be rewritten as 

>> LA’(u),» + LB(u) = 0. (4’) 
Substitution of expression (3) for (wz) into equation (4’) yields 


>> LA’R:o, + (LA’R» + LB)o = 0, (5) 


a single first-order linear differential equation for o. If the surface of discontinuity 
is regarded as the level surface of a function ¢, the characteristic condition A = 
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det >> ¢,»A’ Q may be regarded as a nonlinear partial differential equation 


for ¢; it is easy to show that the direction of differentiation in equation (5) is the 
hicharacteristic direction relative to this equation. 

There are k distinct characteristic hypersurfaces through a given (n — 1)- 
dimensional manifold T in the initial hyperplane; across each, the jump in (w) must 
be parallel to the corresponding null vector R. On T these null vectors are the 

n 
eigenvectors of >> y,A", where y,, v = 1,...,m, are the direction numbers of the 
y=1 
normal to T in the hyperplane 2» = 0. They form a complete set, and therefore 
the jump in the initial values along T can be uniquely decomposed as 


(f) = >) o@R;. 
The quantities o,’ are the values on I of the scalars ¢ in equation (3); these initial 
values and the differential equation (5) together determine the value of ¢ uniquely 
on each characteristic surface. 

The magnitude of the jump of all higher derivatives of u can be determined re- 
cursively, by the condition of continuity for the higher derivatives of Wu across a 
discontinuity surface. The jumps of the higher derivatives satisfy inhomogeneous 
ordinary differential equations along the bicharacteristics. 

The magnitude of the discontinuities of a solution along the characteristic sur- 
faces issuing from the intersection of an initial and boundary surface can be caleu- 
lated in a similar fashion in terms of the prescribed data. 

2. Construction of Solution of a Discontinuous Initial-Value Problem.—Let 
v(x’, v',..., 2") be an auxiliary function which has continuous partial derivatives 
of a sufficiently high order /in each of the k + 1 wedges cut out of the half-space 
x°® > 0 by the k characteristic surfaces through T’, so chosen that the jumps of v and 
of its partial derivatives across the characteristic surfaces are equal to the jumps 
of the unknown solution u of the discontinuous initial-value problem calculated 
a priori by the method of section 1. The function y = Mo has, then, partial de- 
rivatives of order 1 — 1; the method for calculating the jumps guarantees that 
y and its partial derivatives are continuous across the characteristic surfaces. 

Introduce u — v = was anew unknown; it has to satisfy the inhomogeneous equa- 
tion 


Mw = -y 
with a sufficiently differentiable right-hand side. The initial values of w, 
Oe Ft) =I Ge Oe... 5 


are, by construction of v, sufficiently differentiable. Therefore, by known theo- 
rems,! such a solution w exists and is sufficiently differentiable. This completes 
the proof of the theorem. 

It iseasy to verify that if the initial vector f has piecewise square-integrable de- 
rivatives of order m, the solution has piecewise square-integrable derivatives of 
order m — 2. Likewise, if the coefficients are analytic, f piecewise analytic, and 
r an analytic curve, the solution wu is piecewise analytic. 

The above method for constructing the solution shows clearly that if the co- 
efficients A’, B depend on a number of parameters in a sufficiently differentiable 
manner, so will the solution of a fixed discontinuous initial-value problem. 
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3. Generalized Huygens Principle. So far we have shown that jump discon- 
tinuities in the initial values cause jump discontinuities in the solution along the 
characteristics issuing from the position of the discontinuity but do not affect the 
differentiability of the solution elsewhere. It turns out that the effects of other 
kinds of singularities in the data are likewise propagated only along the bichar- 
acteristics. This property of wave propagation may be called the 

GENERALIZED HuyGens Principe. The differentiability properties of a solu- 
tion u ata point P, time T, depend only on the differentiability properties of the initial 
data u(O, x) = f(x) in the neighborhood of those points x which lie on the bicharacter- 
istics issuing from (T, P). 

This result could be derived by approximating singular data by a sequence of 
data with a finite number of jumps. But the result can be read off from a repre- 
sentation formula for the solution derived with the aid of a Riemann function and 
Radon’s formula for representing functions in terms of their plane averages.” 

Assume that the number of space variables is 3. Apply Green’s formula to a 
pair of solutions wand v of Mu = Oand M*y = OintheslabO <¢< 7. Assuming 


that one of them, say u, vanishes for |x) large, we get 


SSS u(T, x) v(T, x) dx SSS u(O, x) v(O, x) de. (6) 


Denote the initial value of u by f; choose the value of v on ¢ = T to be as follows: 


T jl for (x — P)-*w > 0, 
WI, Z) . 
} 10 for (x — P)+w < 0, 
H 
P some space point, w an arbitrary unit vector in space. This function v is the 


solution of a discontinuous backward initial-value problem for M/*; according to 


our theory, the solution is piecewise smooth and depends smoothly on the param- 


eters Pandw. So we have 
SSS ull, 2) dz = SIF f(x) v(x, P, w) dx, (6’) 
(x P)-o > 0 


where »(x, P, w) denotes the value of »v on ¢ = 0. Differentiate equation (6’) with 
respect to that component of P which is perpendicular tow. We get 
SS u(T, x) dx =SSf f (x) v, de + SSF f(x) (v), dS. (7) 
p)w = 0 C; 
Here C; C,(P, w) is the intersection of the j-th characteristic surface through 
(x — P)+w = 0,t = T, with the initial hyperplane ¢ = 0;v, denotes the derivative 
of v with respect to P+w, and (v); is the jump of v across C;. Integrate equation (7) 
with respect to w over the unit sphere. We get 


° dx = 
ig T, x) = fff f(x) k(x, P) dz, (8) 
r 4 


where r denotes distance from the point P. It is not very difficult to show that the 
kernel & is a smooth function of both variables except at points where x lies on the 
envelope of the surfaces C;(P, w). The set of these points x is clearly the set 
lying on the bicharacteristics through ?. Applying the Laplacian with respect to 
P to equation (8), we get on the left u(P), on the right an expression which is a 
smooth function of P, provided that f vanishes in a neighborhood of the crucial 
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point set. This completes the proof of the generalized Huygens principle. Hf u 
satisfies an inhomogeneous relation Mu = g, the above reasoning shows that the 
differentiability of u(P) is governed by the differentiability of g only in the neigh- 
borhood of the bicharacteristics issuing from P. ' 

* Dedicated to Cari Ludwig Siegel in G6ttingen on his sixtieth birthday. 

t A detailed paper will appear in Comm. Pure and Appl. Math. The laws of propaga- 
tion of discontinuities along bicharacteristics, in particular for differential equations of second 
order, have often been discussed in the literature. (See, e.g., R. Courant and D. Hilbert, Methods 
of Mathematical Physics, Vol. I1, chaps. V, VI, and J. B. Keller, “Geometrical Acoustics I. The 
Theory of Weak Shock Waves,” J. Appl. Phys., 25, 938-947, 1954.) 

1 See K. O. Friedrichs, Comm. Pure and Appl. Math., 7, 345-393, 1954, for symmetric hyperbolic 
systems, and J. Leray, Lectures on Hyperbolic Equations with Variable Coefficients (Prineeton, N.J.: 
Institute for Advanced Study, 1952), for general byperbolic systems. 

* Radon’s formula was used in the solution of Cauchy’s problem for equations with constant 
coefficients by R. Courant and A. Lax, Comm. Pure and Appl. Math., Vol. 8, 1955. For diverse 
application see Fritz John, Plane Waves and Spherical Means (New York: Interscience Pub- 


lishers, Inec., 1956). 


MARKET EQUILIBRIUM* 
By GERARD DEBREU 
COWLES FOUNDATION AT YALE UNIVERSITY 
Communicated by Marston Morse, August 31, 1956 
Let there be 1 commodities in the economy. When the price system is p ¢« R', 
the excess of demand over supply is z « R'. Generally, p does not uniquely deter- 
mine z; it determines a set ¢(p) of which z can be any element. The problem of 
market equilibrium has the natural formulation: Is there a p compatible with 


z = 0, 1.e., is there a p such that 0 € ¢(p)? 
In usual contexts, two price systems derived from each other by multiplication 


by a positive number are equivalent, and all prices do not vanish simultaneously. 
Thus the domain of p is a cone C with vertex 0, but with 0 excluded. 

Since no agent spends more than he receives, the value of total demand does not 
exceed the value of total supply; hence p-z S 0 for every z in ¢(p). This can also 
be written p-¢(p) S 0, i.e., the set ¢(p) is below (with possibly points in) the hyper- 


plane through 0 orthogonal to p (see Fig. 1). 
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It is intuitive that, under proper regularity assumptions, there is in C a p, differ- 
ent from 0, for which ¢(p) intersects I, the polar of C’ (whose definition is recalled 
in the Appendix). The theorem gives a precise statement of this result. Its in- 
terest lies in the fact that, for a wide class of economies, [ n ¢(p) # ® implies 
0 € ¢(p). 

It is convenient to normalize p by restricting it to the unit sphere S = } p e R' 

p 1}. 

THreoreM. Let C be a closed, convex cone with vertex 0 in R', which is not a linear 
manifold; let T be its polar. If the multivalued function € from C n S to R'is upper 
semicontinuous and bounded, and if for every pin C n S the set &(p) is nonempty, 
convex, and satisfies p-¢(p) & 0, then thereisa pinC n S such thatT n &(p) # ®. 

Proof: Throughout, Z denotes a compact, convex subset of R! in which ¢ takes 
its values; such a subset exists, since ¢ is bounded. 

|. The theorem is first proved in the case where [ has an interior point 2°. It 
is more convenient here to normalize p by restricting it to the set P = ;peC | p-2° 

—1}, which is easily seen to be nonempty, compact, and convex. 

Given z in Z, let r(z) be the set of maximizers of p-zin P. The set 2(z) is clearly 
nonempty and convex, and the multivalued function z from Z to P is easily seen 
to be upper semicontinuous. 

Consider, then, the set P & Z and the multivalued transformation ¢ of this set 
into itself defined by g(p, z) = m(z) XK ¢(p). Since ¢ satisfies the conditions of the 
Kakutani? fixed-point theorem, there is a pair (p*, 2*) which belongs to ¢(p*, 2*), 
le., p* € w(z*) and 2* ¢€ ¢(p*). 

The first relation implies that p-2* < p*-z* for every p in P; the second implies 
that p*-z* < 0; therefore, p-z* < 0 for every p in P; hence 2* eT. This, with 
z* € ¢(p*), proves that [ n ¢(p*) ¥ ®. 

2. In the general case, [ is considered as the limit of an infinite sequence of 
cones [’” with vertex 0, having nonempty interiors. These cones are constrained 
to be closed, convex, different from ?', and to contain I. 

Let C” be the polar of ['”; it is contained in C, which is the polar of [. Apply, 
then, the result of paragraph | to the pair C”, ['": there is a pair (p”, 2”) such that 
p* «C* a 8, 2" ¢ T", ands® «f(p"). 

Since S X Z is compact, one can extract from the sequence (p”, 2”) a subsequence 
converging to (p*,2*). Clearly, p* «C nS, 2* € T, and 2* « ¢(p*) (the last relation 
by upper semicontinuity of ¢). 

Remarks: The central idea of the proof is taken from Arrow-Debreu.* 4 It 
consists, given an excess z of demand over supply, in choosing p so as to maximize 
p-z. It has a simple economic interpretation: in order to reduce the excess de- 
mand, the weight of the price system is brought to bear on those commodities for 
which the excess demand is the largest. 

Since the convexity assumptions in Kakutani’s theorem can be weakened (see 
Kilenberg-Montgomery® and Begle®), the assumption that ¢(p) is convex is inessen- 
tial. 

Gale? and Debreu' have, independently, stated (and Kuhn‘ has proved in a third 


way) the theorem in the particular case where C is the set of points in R‘ all of whose 


co-ordinates are non-negative. The underlying economic assumption is that com- 
modities can be freely disposed of. As McKenzie’ emphasizes, it is very desirable 
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to relax that assumption. The purpose of this note was to give a general market 
equilibrium theorem with a simple and economically meaningful proof. 


Appendix.—Let C be a cone with vertex 0 in R'; its polar T is the set {z e R' [pez <0) 
for every pin C}. This set is a closed, convex cone with vertex 0. It can also be described 
as the intersection of the closed half-spaces below the hyperplanes through 0 with normals p 
in C. 

It is immediate that «C! contains C?, implies «I contains [™,. One can prove that if 
C is closed, and convex, then C is the polar of I, i.e., the relation “is the polar of’? becomes 


symmetric. 
Let ¥ be a multivalued function from a subset E of R" to R”; it is said to be upper semi- 


continuous if “24 — 2°, y? € Y(2"), y/ > y°. implies «7 € ¥(2°).. 

* A technical report of research undertaken by the Cowles Foundation for Research in Economics 
under contract with the Office of Naval Research. Based on Cowles Foundation Discussion 
Paper No. 10 (February, 1956). Reproduction in whole or in part is permitted for any purpose of 
the United States Government. 

I thank Shizuo Kakutani for the valuable discussion of this question I had with him, and Lionel 
McKenzie for his comments on an earlier draft. 

1G. Debreu, Value Theory (forthcoming), chap. 5. 

2§. Kakutani, ‘‘A Generalization of Brouwer’s Fixed Point Theorem,’’ Duke Math. J., 8, 457 
159, 1941. 

3K. J. Arrow and G. Debreu, “Existence of an Equilibritim for a Competitive Economy,” 
Econometrica, 22, 265-290, 1954, sees. 3.1, 3.2. 

*G. Debreu, ““The Coefficient of Resource Utilization,” Econometrica, 19, 273-292, 1951, sees. 
11, 12. 

5S. Eilenberg and D. Montgomery, ‘‘Fixed Point Theorems for Multi-valued Transforma- 
tions,’’ Am. J. Math., 68, 214-222, 1946. 

6k. G. Begle, “A Fixed Point Theorem,’ Ann. Math., 51, 544-550, 1950. 

7D. Gale, ‘“The Law of Supply and Demand,”’ Math. Scand., 3, 155-169, 1955, sees. 2, 3. 

8H. W. Kuhn, “A Note on ‘The Law of Supply and Demand,’ ”’ Math Scand., Vol. 4, 1956. 

'L. W. McKenzie, ‘Competitive Equilibrium with Dependent Consumer Preferences,” Second 
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Symposium in Linear Programming (U.S. National Bureau of Standards, 1955), 1, 277-294. 


A UNIFIED THEORY OF GENERAL RELATIVITY OF 
GRAVITATION AND ELECTROMAGNETISM. III 
By LurHer P. E1seENHART 
PRINCETON UNIVERSITY, PRINCETON, N.J. 

Communicated September 17, 1956 
This is my third proposal of a unified theory.'. The theory is based upon a 
symmetric tensor g;;, a coefficient of connection Tj, and an electromagnetic vector 

¢;, in terms of which there is the skew-symmetric electromagnetic field tensor 


F, Yi. P . jit- (1) 


Here, and throughout the paper, a comma followed by an index denotes the deriva- 

tive with respect to 2 with this index, and a semicolon followed by an index denotes 

the corresponding covariant derivative in terms of the Christoffel symbols in gj,;. 
From equation (1) it follows that 
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from which one has 
(3) 


It being required that the determinant g of g;; be different from zero, and in fact 
negative, a contravariant symmetric tensor g’’ is defined by g°giz 64, where 6; is 
the Kronecker delta. 

For any coefficients of connection I’, one has 

’ ( i 
er Sng + Qin; (4) 


where a,,' is a tensor, as follows from the equation for the Christoffel symbols 


1 


ting and I}, separately in two co-ordinate systems.” 


For coefficients of connection I, there is the generalized tensor* 


i 7 
Pi = 1 


jl 


For T;,, defined by equation (4), this is 


aL t i j k k t > 
Vin = Rin + Ajrin — Agni + Aj'Aen’ — Ajn*Ox;, (6) 


where ?),, is the Riemann tensor. Contracting equation (6) for 7 and J, one has 


- _ l" 


| i i k 
jhi = Rin + ayn — Ayn’; + jeX Ayn’ — Op* Ors’, (4) 


where F,, is the Ricci tensor. 
This far the treatment is the same as in the former papers.’ 
We now require that 


0, 


where I,, is the symmetric part of T,. From equation (7) this is 
Rin —1/4(a;i°.n + "s +a Pal + Ay A, ’) + 
(jn * pi nj’ 
In the present proposal of a unified theory we take 
Gn’ = Gar’, (10) 
where \‘ is a contravariant vector to be specified later. In terms of quantities of 
the type (10), equation (9) is 
Rin = —"/2[(Qyin + Onty)At + ay"(Ain + Gnd A*) + ay"(AG,j + aeAi*)] + 
V/s [(@jnsi + Anga)A' + (Qin + Any) (’j + aeid'A*)). (1D) 
We take 
Luni ~eat + (12) 
where for the present the tensor by, is not specified. In terms of equations of this 
type equation (11) is 
Ryn = —"/2lQyin + Ani)! + a;'bian + n'y] + 
V/s [(Qjn-i + Gny)d*? + (Ajn + Gny)d,'). (13) 
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For equations of the form (12) the equation‘ 
Near Acw NMR jint 
is 
NMRjanr = (Gein — Ann-AA + Maidan — Arndt) + 
Ai(axib*, — agnd*)) + bina — din. 


When this equation is multiplied by g“ and contracted for ¢ and J, and the dummy 


index k is replaced by 7, the result is 
—NR iy, = (Ayjin — Aina + M(ajd', — ands) + 
N (aj, — ayb's)) + Ding — O's. 
When equation (13) is multipled by \’ and contracted for 7, the result is 
NVR = Voli — Ajin)MNY — od (aybin + an'tbiys) + 1/2 (ay, + ay;)b':. 
When equations (14) and (15) are added, the result is 


O = '/2(Ajin — Ajna)A' NM + 1 /o(ayib', — anid) + '/o (Ang — Agn)b'; 
(aj), — ajb’)M + bi — Dyn. 
We take equations of the form 
Oss = Qi (17) 
and specify that the tensor b,; is symmetric. As the result, equation (16) becomes 
bi — Din = 0, (18) 


since the covariant derivative of the tensor g;,; is zero.® 


We take 
bin a(P 2Fy, sll 1 Jil’), 


where a is a constant. Accordingly, 


and in consequence of equation (3) 
Dy = aF /F',.:, 
which is equal to zero in consequence of the Maxwell equation 


F 


7,1 


(0). (21) 


Hence equation (18) is satisfied by by, given in equation (19) for any value of the 
constant a. 
In consequence of equations (17) and (20), equation (13) becomes 


Rin = —bin, 
from which and equation (19) for a —1 one has 


Rip = FF, Pie Gink us . 
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This is the equation proposed by Einstein.’ In proposing it, he made the follow- 
ing statement: “This inclusion of the theory of electricity in the scheme of the 


general theory of relativity has been considered arbitrary and unsatisfactory by 
many theoreticians. Nor can we in this way conceive of the equilibrium of the 


electricity which constitutes the elementary electrically charged particles. A 
theory in which the gravitational field and the electromagnetic field do not enter 
as logically distinct structures would be much preferable.” 

Equation (12) by means of equation (13) becomes 


An + dar 
Hence 

= Ma-iy 
that is, the vector is a gradient? 


' Cf. these PROCEEDINGS, 42, 249-251, 1956. 

* L. P. Eisenhart, ‘“Non-Riemannian Geometry,’’ Am. Math. Soc. Pubs., No. 8, pp. 2. 

3 Thid., p. 5. 

‘L. P. Eisenhart, Riemannian Geometry (Princeton University Press, 1926), p. 30. 

5 Thid., p. 28. 

6 A. Einstein, The Meaning of Relativity (2d ed.; Princeton, N.J.: Princeton University Press, 
(1945), pp. 48, 98. In the third edition (1950), the fourth edition (1953), and the fifth edition 
(1955), pp. 48 and 98 of the second edition continue as pp. 48 and 98). 

7L. P. Eisenbart, op. cit., p. 27, (1926) 


ON CANONICAL CONSTRUCTIONS. II* 
By Murray GERSTENHABER 
DEPARTMENT OF MATHEMATICS, UNIVERSITY OF PENNSYLVANIA 
Communicated by Einar Hille, May 17, 1956 


In Part I it was observed that, given a structure S and a structure S’ derived from 


‘ 


it, a sufficient condition that an automorphism of S’ be “inner’’ (i.e., induced by an 
automorphism of S) is that it be possible to reconstruct S canonically from S’. 
For illustration, the classical theorem that every automorphism of the symmetric 
group on n objects is inner except when n = 6 was shown to hold even when n is 
infinite by reconstructing from the group the set of objects. What was to be re- 
constructed was in that case a set with no further structure. 

Suppose, now, that S is a topological space and S’ its group of homeomorphisms 
onto itself. Reconstructing S from S’ requires the recapturing from S’ of both the 
point set of S and its topology. In certain cases, however, the fact that the point 
set of S can be reconstructed implies that the topology can be reconstructed, too. 
Let the point set of S be denoted by | S|, and suppose that it can be canonically re- 
constructed from S’.. Every automorphism of S’ then induces one of |S}. A ho- 
meomorphism f of S onto itself induces an inner automorphism of S’, namely, con- 
jugation by f. (Here the senses of ‘inner’ coincide.) This, in turn, induces a per- 
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mutation of |S), which is just f again, regarded now merely as a permutation of 
points. Every element f of S’ therefore acts as a permutation of |S}, namely, 


that permutation which f produces on the point set of S. If f is in S’, the set 
of points x of S such that f(2) # x will be called the carrier of f; it is an open set. 
If S has the property that the carriers of the elements of S’ form a subbase for the 
open sets of S, then one may topologize |S) by taking these carriers as a subbase; 
S is then completely reconstructed. This is true, for example, when S is a mani- 
fold: Thus, to reconstruct a manifold from its group of homeomorphisms onto it- 
self, it is sufficient to reconstruct its point set. 

Proof of the Fine-Schweigert theorem: With the preceding remarks one can give 
a simple proof of the theorem that every automorphism of the group of homeo- 
morphisms of the unit interval onto itself is inner. Let S now denote the open unit 
interval and S’ its group of homeomorphisms onto itself. 

An element g of S’ will be called a square root of an element fif g? = f. A homeo- 
morphism having a square root is necessarily orientation-preserving. The carrier 
of an orientation-preserving homeomorphism f, being open, is the union of a count- 
able collection of disjoint subintervals J, of S, inside each of which it is either always 
the case that f(x) > x or f(x) <x. The restriction of f to each J; has a square root, 
whence it follows that f has one. An element f of S’ is therefore orientation- 
preserving if and only if it has a square root. One can show that a necessary and 
sufficient condition that orientation-preserving homeomorphisms f,; and f. have 
carriers which intersect is that they have orientation-preserving square roots 9; 
and gs, respectively, which do not commute. To prove this, it is only necessary to 
consider the case where the carriers of f; and f, are intervals, but there it is easily 
seen. Homeomorphisms will be called disjoint if their carriers are disjoint. Dis- 
joint homeomorphisms commute. If an orientation-preserving homeomorphism f 
has a fixed point, then its carrier is disconnected, and it can be written as a product 
of disjoint orientation-preserving homeomorphisms f; and fo. If the fixed point is 
unique, then f,; and f. are unique and, further, no orientation-preserving homeo- 
morphism can be disjoint from both f,; and fo. The converse is also clearly true. 
If f and g are both orientation-preserving homeomorphisms with unique fixed point, 
then f can be written as f\ fo and g as gig, Where f, is disjoint from fo and 4; from ge. 
A necessary and sufficient condition that the fixed points of f and g coincide is that 
the subintervals into which they break S be the same, i.e., if g; and ge are suitably 
numbered, that f; be disjoint from g» and fo from 4). 

One may now see that from the group of homeomorphisms S’ of the unit interval 
S onto itself the points of S may be reconstructed: Within S’, take the elements 
with square roots (i.e., the orientation-preserving ones), within this set take those 
elements f which can be written in one and only one way (up to order) as a product 
fife of disjoint elements having square roots (i.e., take those with unique fixed 
points), and define f and g in this set to be equivalent if f can be written in the form 
fife and g in the form gg2, where f, is disjoint from g» and fs is disjoint from g; (i.e., 
define f and g to be equivalent if they have the same unique fixed point). The 
points of S are then in canonical one-to-one correspondence with these equivalence 
classes. Since this exhibits a canonical reconstruction of the unit interval from its 
group of homeomorphisms onto itself, it follows that every automorphism of that 
group is inner. 





Vou, 42, 1956 MATHEMATICS; M. HEINS 883 


In the fourth paper in this series it will be shown that the Fine-Schweigert theorem 
holds also for the disk. It will also be shown in a later paper that in certain circum- 
stances, for example, in the case of a manifold, the point set of a space can be re- 
constructed from its group of homeomorphisms onto itself if one can give an alge- 
braic criterion telling when the carriers of two homeomorphisms intersect. This is 
essentially what has been done here in the case of the unit interval. 

* References: (1) N. J. Fine and G. E. Schweigert, “On the Group of Homeomorphisms of an 
Are,’’ Ann. Math., 62, No. 2, 237-253, 1955; (2) Murray Gerstenhaber, ‘‘On Canonical Construc- 
tions. I,’’ these PRocEEDINGs,41, No. 4, 233-236, 1955. 


ASYMPTOTIC SPOTS OF uwNTIRE AND MEROMORPHIC 
FUNCTIONS 
By Maurice HEetIns 
BROWN UNIVERSITY 
Communicated by Marston Morse, September 7, 1956 


1. In our paper “On the Lindeléf Principle’! we introduced the notion of an 
asymptotic spot of an interior transformation (and, in particular, of a conformal 
map). The object of the present note is to consider this notion in greater detail 
for the special case of conformal maps of the finite plane into the extended plane, 
that is, for entire and meromorphic functions. We shall be interested in the rela- 
tion of the metric structure of the asymptotic spots to the growth of the mapping 
function. The argument of the Denjoy-Carleman-Ahlfors theorem (meromorphic 
case) enters into the consideration of this question in a natural way. 

The first notion with which we shall be concerned is that of the harmonic index 
of an asymptotic spot. Let f be a nonconstant meromorphic function in the finite 
plane, and let wy denote a point of the extended plane. Suppose that ¢ is an asymp- 
totic spot over wo. For each simply connected Jordan region 2 containing wp, let 
Go(w, wo) denote the Green’s function of 2 with pole at wo, and let f,;q) denote the 
restriction of f to ¢(Q). We introduce u,;g), the greatest harmonic minorant (in 
a(2)) of Go(ferg) (2), wo). We recall that a conformal map with parabolic domain is 
locally of type Bl. The harmonic function u,;g) is a singular non-negative harmonic 
function in ¢(Q2). We associate with the pair (¢, 2) an index v(¢, 2) as follows. If 
Ugo) = 0, we define v(o,Q) as0. If u,-q) > 0 and is representable as a finite sum of 
mutually nonproportional minimal positive harmonic functions, say 1, ..., Un; 
then u,;g) admits a unique representation of this type (up toa permutation of the 
summands). In this case we define v(o,Q2) as n. In the remaining case we define 
v(o, 2) as +o. We note that if Q; and Q(¢Q) are simply connected Jordan re- 
gions containing wo, then 


v(o, 21) 2 vo, Qe). 


This is a consequence of the fact that the u-map of u,;9,) (relative to ¢(2:)) is dom- 
inated by uo, (ef. LP, sec. 2). We now define the harmonic index, h(c), of o as 
simply inf »(¢, 2), where all 2 of the domain of ¢ are taken into account. 





884 VATHEMATICS: M. HEINS Proc. N. A. S. 


A. A. Gol’dberg has introduced the notion of a K-erttical point of the inverse of 
a meromorphic function fin the finite plane.? This is tantamount to an asymptotic 
spot with positive harmonic index. Further, Gol’dberg observed that, if the in- 
verse of f has at least n (22) A-critical points, then the argument and conclusion 
of the meromorphic case of the Denjoy-Carleman-Ahlfors theorem hold. That is, 
lim inf T(r; f)/r"* > 0, where T(r; f) is the Nevanlinna characteristic function 
of f. The assertion holds for n = 1, subject to certain supplementary conditions 
of a geometric nature. 

Now one may go a step further with the aid of the notion of the harmonic index 
and an argument due to Kjellberg.* In fact, let H denote the grand total of the 
harmonic indices of all the asymptotic spots o of f. Then we have 

THeoreM 1. Jf H = +, then lim log T(r; f)/logr = +0. If2<H<+.o, 


> = 


then lim inf T(r; f)/r"? > 0. If H = 1, and ao, the asymptotic spot with index 


one, is such that for some Q of its domain the complement of oo(Q) intersects all circles 
z = rwithr sufficiently large, then lim inf T(r; f)/r’? > 0. 


pane 

We turn to entire functions. Here we have 

THEOREM 2. Suppose that f is entire and that o is an asymptotic spot over a finite 
point. Then, if0<h(c)<+2,h(o) = 1. 

Another property of the harmonic index for asymptotic spots of entire functions 
is the following. Let Hg, denote the sum of max [h(o), |] taken over the o lying 
over finite points, and let H, denote the sum of the h(a) for o lying over infinity. 
Then we have Hy, Z H,. Further, if there exists an asymptotic spot o over a 
finite point with h(a) = ©, then there is an infinity of asymptotic spots over this 
point with positive harmonic index. 

2. Locally Omitted Values.—We shall say that a point wy of the extended plane 
is a locally omitted value of a meromorphic function f, provided that there exists a 
region Q2 containing wy such that the restriction of f to some component of the 
antecedent of Q with respect to f omits wo. 

Suppose, in particular, that f is an entire function of finite lower order and that 
g is an asymptotic spot over a finite point wy with the property that for some Q 
in the domain of ¢, f,;g) omits wo. Under these assumptions we have, as a conse- 
quence of Theorem 2, the following theorem.‘ 

THEOREM 3. a ts logarithmic asymptotic spot of f. 

The theorem is not true for asymptotic spots over ©, as the example 
f(z) =z sin z shows. Here f has precisely one asymptotic spot over ©, and its 
harmonic index is 2. 

The following theorem, which is a localized Picard theorem, sheds light on the 
problem of locally omitted values.® 

THeoreM 4. Let f be a nonrational meromorphic function in the finite plane, and 
let 2 denote a region of the extended plane. Let R denote a component of the antecedent 
of 2 with respect to f. Then either fr, the restriction of f to R, has finite constant va- 
lence in Q, or else the valence of fr is finite at most at two points of Q. 

For f an entire function (possibly a polynomial) and Q a region of the finite plane 
a corresponding assertion holds with the refinement that, if the valence of fr is 
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not finite and constant on Q, then the valence of fz is finite at most at one point 
of Q. 

Thanks to Theorem 4, we are led by a simple argument to 

THEOREM 5. A meromorphic function in the finite plane has a countable set of 
locally omitted values. 


! Maurice Heins, “On the Lindeléf Principle,’? Ann. Math., 61, 440-473, 1955, to be referred to 
as “LP.” 

2A. A. Gol’dberg, “On the Influence of Clustering of Algebraic Branch Points of a Riemann 
Surface on the Order of Growth of a Meromorphic Mapping Function,’’ Doklady Akad. Nauk. 
S.S.R. (N.S.), 98, 709-711, (1954); correction, 101, 4, 1955. 

3 Bo Kjellberg, “On the Growth of Minimal Positive Harmonie Functions in a Plane Regien,’’ 
Ark. Mat., 1, 347-351, 1950. 

‘ This result was announced by the author in a lecture at the mathematical colloquium of the 
University of Giessen held February 18, 1953. 

5 This result may be known; however, I have no reference for it. 


THE UNIQUENESS OF DOUBLE TRIGONOMETRIC SERIES 
UNDER CIRCULAR CONV ERGENCE* 
By Vicror L. SHAPIRO 
RUTGERS UNIVERSITY, NEW BRUNSWICK, NEW JERSEY 
Communicated by Deane Montgomery, September 7, 1956 


Let M = (m,n), X = (x, y), MX = max + ny, and |X| = (x? + y?)'*, where m 
and n are integers. Then in this note we shall prove the following theorem: 

THEOREM. Let Sr(X) = > aye*, where ay = 0(1) as|M| > o. 

1<|Mi<R 

If Sr(X) + O0as R => @ for all X, then ay = 0 for all M. 

We have assumed a) = 0 from the start, for simplicity, but the theorem can be 
proved without this assumption. In a forthcoming paper, we shall prove that if 
> aye'™* ~— |“. 0 with ¢ except for one point on the torus { (zx, y), — <a <7, 


—xr<ySrtand >> ay| = o(R) asR— o, then the ay are identically 
R-1 M|sR 


zero. But the essence of the proof of this last-mentioned fact lies in the proof of the 
above theorem, which we give here. 
Letting V(X, ¢) designate the open disk of radius ¢ with center X and F(X) = 


lo, sMX UY) tc 3 . 
lim — 2 (ay/|M)\*)e’"", we observe that F(X) is in L? on every 
R— « 1<|M|SR 


bounded domain in the plane. Setting F,x(¢) (rt?)—! Sxcx.», F(P) dP, we 
have, as is shown in an earlier paper! (Lemma 2), that 


Ji(| M| 2) 
F;. x(t) = —? > axe* i E (1) 
ata M| *% 
Let us set 
a | Ji M h) 
M Mih 
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E ay Ji(|M h) 
4o(t) = sup re , 
0; sf t|M| = ho M}\? Mih 


Then it is clear under the assumption of the theorem that both £,(¢) and F(t) tend 


to zero with ¢. Next we set £3(t) = sup sup Fy, x(h) — Fi, p(h)| and 
O<hAst XY P| =h 


observe that the following lemma holds: 
LemMa 1. £;(t) tends to zero with t. 
For, using equation (1), we see that, withO <h S ¢, 
sup |Fi, x(h) — Fy, p(h)| S 4[E,(t) + E,(t)). 


X-P\|=h 


From this fact and the above paragraph the lemma easily follows. 


Lemma 2. Suppose that there exists a K such that sup |Sp(X)| < K for X in 
R 


Z, Set E,(t, Z:) = sup sup |F,, x(h) — F(X)|. Then E,(t, Z,) tends to 
0 het Xind 
zero with f. 


To prove the lemma, we observe that, by equation (1), 
F,. x(h) — F(X) = h3 7 S,(X) g(uh) du, 


where |g(u)) S K,uforu S land |g(u)| < Kyu * for u > 1, and AK, is a constant 


independent of X and the ay. An easy computation shows that sup | Fj, x(h) 
X in Zi 
— F(X)| < 2K Kh? and consequently that /,(t, Z;) S 2K Kt’, which fact proves 


the lemma. 


To prove the theorem, let Z be the set of discontinuity points of F(X) on the 
plane. By an earlier result,' the theorem will be proved once we can show that Z 
is the empty set. As we have shown,! (p. 695), Z is dense in itself, and conse- 
quently the closure of Z = Z is a perfect set. 

Since 7,(X) = S,1/(X) tends to zero as k tends to infinity through the positive 
integers for all X in Z by assumption, we have? (p. 299) the existence of an open 
disk D such that Se(X) = Sjpy'/:(X) is uniformly bounded for X in D n Z = /, 
where Z, is nonempty if Z is nonempty. 

We shall prove the theorem by showing that Z, is the empty set. If Z, is non- 
empty, then there exists an YX, in Z, as well as in Z. 

Let X) be a point of Z, n Z, and let the closure of N(Xo, t:) = N(Xo, t:) be con- 
tained in D. Then, since F,, y(t) tends to F(X) uniformly for X in Z;, we have 

lim F(X) = F(X). (2) 


X —> Xo 
X in Z 


Let « > 0 be given, and let ¢ be such that 
Y'3(to) + E4(ts, Z) K «€ (3) 


By equation (2), we have the existence of a positive t; S 2~' min (4, ¢2) such that 
for ».4 in N(Xo, 2ts) n Zi, 


F(X0) — F(X)| < «. (4) 


We now claim that for X in N(X4,t:), 
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which will conclude the proof of the theorem, since Z, will then be empty. 

Since relation (5) is already established if Y is in Z;, let X be a point in the com- 
plement of Z, and in N(Xo, é;).. Then X is not in Z. Let X, be the closest point 
in Z to X (or one of the closest in case more than one exists). Now XxX, — A4\| = 
ty < ts, since |X) — X) < t;. Consequently, X, satisfies inequality (4). Now, 
since F(P) is continuous for P in N(X, ts), we have that F(P) is harmonic in this 
disk.' Consequently, Fy, x(t, F(X Therefore, by relations (3) and (4) and 
Lemmas | and 2, 


F (Xo) F(X)| S | F(Xo F(X;)| + | F(X) — Fi, x,(4)| 4 
Fy, x, (t4) Fy, x (ty) < a M's (ta, Z;) + E3(ts) Set E4(te, Z1) T E3(te) < 2e, 


and the proof to the theorem is complete. 


* This research was supported by the United States Air Force through the Air Force Office of 
Scientific Research of the Air Research and Development Command under contract No. AF 
18(600)-1595. 

''V. L. Shapiro, ‘‘A Note on the Uniqueness of Double Trigonometrie Series,’’ Proc. Am, Math. 
Soc., 4, 692-695, 1953. 

2A. Zygmund, T'rigonometric Series (Warsaw, 1935 
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